Portland State University

PDXScholar
Dissertations and Theses

Dissertations and Theses

8-6-2009

Fabrication of Anisotropic Nanostructures on Solid
Substrates for Applications as Optically Active
Surfaces
Mohan Krishna Vattipalli
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds
Part of the Electrical and Computer Engineering Commons

Let us know how access to this document benefits you.
Recommended Citation
Vattipalli, Mohan Krishna, "Fabrication of Anisotropic Nanostructures on Solid Substrates for Applications
as Optically Active Surfaces" (2009). Dissertations and Theses. Paper 5939.
https://doi.org/10.15760/etd.7809

This Dissertation is brought to you for free and open access. It has been accepted for inclusion in Dissertations
and Theses by an authorized administrator of PDXScholar. Please contact us if we can make this document more
accessible: pdxscholar@pdx.edu.

DISSERTATION APPROVAL

The abstract and dissertation of Mohan Krishna Vattipalli for the Doctor of
Philosophy in Electrical and Computer Engineering were presented August 6, 2009
and accepted by the dissertation committee and the doctoral program.

COMMITTEE APPROVALS:

Erik Sánchez, Chair

Les Morris

Shankar Rananavare

Jun Jiao

Carl Wamser

Representative of the Office of Graduate Studies

DOCTORAL PROGRAM
APPROVAL:

Malgorzi
Electrical

Program

ka-Jeske, Director

Computer Engineering Ph.D.

ABSTRACT

An abstract of the dissertation of Mohan Krishna Vattipalli for the Doctor of
Philosophy in Electrical and Computer Engineering presented August 6, 2009.

Title: Fabrication of anisotropic nanostructures on solid substrates for applications as
optically active surfaces.

Analysis of the vibrational energy levels in molecules using Raman
Spectroscopy is a popular analytical method amongst today's optical technologies.
Unlike fluorescence microscopy, the Raman emission doesn't undergo the process of
photobleaching, which leads to short lived signal collection. The only downside with
this approach is the small absorption cross-section resulting in a low intensity of the
emission signal. One of the approaches used to boost this weak signal is Surface
Enhanced Raman Spectroscopy (SERS). My research efforts have been focused on
how to create a novel SERS substrate with aligned patterns of Au/Ag nanoparticle
deposited metals of a particular shape and size. Although Raman is our targeted
emission process, this substrate will also be of great benefit to fluorescence emission
signals as well.
Metal nanoparticles with various shapes were synthesized using
different chemical approaches. These synthesized metal nanoparticles were placed on
surface modified silicon substrates. The surface modification was created by using a

modified version of Electron-Beam Lithography (EBL), one of the popular micro- and
nano-lithographic techniques in the semiconductor field. In a typical EBL process, a

positive photoresist, polymethylmethacrylate (PMMA) is exposed to the electron
beam in specific patterns. This exposed polymer gets selectively dissolved in a
combination of solvents called a developer solution. If the electron exposure is
increased beyond what is needed, the patterns cross-link to the substrate, and become
permanent features. Such patterns created in this experimental approach are insoluble
in both the developer solution and in the lift-off solution. Metal coatings and
nanoparticle depositions on top of these cross-linked patterns make the substrate
suitable for creating isolated nanostructures on solid substrates. Advancing a step
further, these nanostructures were confined in "nano-walls", thereby creating "nanowells" to hold the sample under investigation within the local environment of the
nanostructure. Effects of the metal plane near this nanostructure were studied using
computational calculations.
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1. Introduction

Nanotechnology is one of the fastest growing fields with much of the research
effort dedicated to the growth and development of a variety of fields such as medicine,
sensors, and electronics are just a few to mention. A growing increase in the articles

published over the last few decades shows the improvement in the technology4. This
growing field can be broadly defined based on the nano (IO9) scale size of matter that
are being researched. Typically particles, tubes, rods, films, coatings or structures with
dimensions less than 90 nanometers ("nm" as units) are considered as "nano-objects"
and the technology thus takes the name. Controlling the position, assembly, growth
and other aspects of these nano-objects are an on-going challenge in the field. A wide
discussion of these topics is carried out in the later pages of this thesis. Study and
analysis of these nanoparticles/objects is carried out by various techniques of
microscopy including multi-photon fluorescence microscopy.

1.1. Raman Microscopy
When optical light is incident on a surface the waves get transmitted through,
reflected back, absorbed, scattered or any combination depending on the material
parameters. Most of the reflected or transmitted light would normally be of the same
wavelengths as of incident light. In terms of scattering, the scattered light can be either
the same frequency as of the incident light, called Rayleigh scattering which is the
strongest component of the resultant emitted intensity, or of a different frequency
1

called the Raman scattered light . This small percentage of Raman scattered light will
be of a different wavelength as shown in Figure 1.1.
S2

Si

Virtual States

.J.

:t:

Stokes

.1.
't"r

Vibrational States

Rayleigh

Anti-Stokes

Figure 1.1 Comparison of energy levels in various scattering processes.
Excitation is indicated by dashed lines and emission is indicated by solid lines

Raman Scattering can be explained based on the classical theory. Calculating
an absolute Raman intensity is not trivial. Normally one calculates this through
differentiating the frequency-dependent polarizabilities with respect to nuclear
displacements (inter-nuclear coordinates). An electromagnetic wave (laser beam) of
electric field strength (E), varying with time (t) can be expressed as
E = Eocos 27Wot ,

(1)

where E0 is the vibrational amplitude and Vo is the frequency of the laser. An electric
dipole moment (P) is induced if a diatomic molecule is irradiated with this laser light
which is given by;
P = aE = a Eq cos 2tWo t ¦

(2)

2

Here, a is the polarizability and is a proportionality constant. The nuclear
displacement, Q for a molecule vibrating with a frequency, vm can be written as;
Q = Q0cos2jtvmt,

(3)

where Qo is the vibrational amplitude. For small amplitudes of vibration, a is a linear
function of Q. Thus the equation for the small amplitude is given by;
CC=CC0 +

dQ

Q0+....,

(4)

v "vy0

Here ao is the polarizability at the equilibrium state, and

An is the rate of

change of polarizability with respect to Q, at the equilibrium state. Hence joining (2),
(3) and (4) results in;

P = CC0E0 cos 27tv0t +

ZQ)0

Q0E0 cos 27TV0t cos litvj ,

(5)

which leads to

(da
P*=aS»
n^n COS 27WJ. + — QA - [cos{2^(v0 - vm >}+ cos{2^(v0 + vm >}] . (6)
oo
? ? dQ Jo
In the above equation, the first term indicates the oscillating dipole radiating light with
a frequency V0, Rayleigh Scattering and the second term relates to the anti-Stokes (V0 vm) and Stokes (V0 + vm) Raman Scattering frequencies. This can be related to the
electronic transitions in Figure 1.1. Normally, the Stokes line is measured as it is
stronger in intensity than the anti-Stokes. Infrared (IR) or Raman spectra can show the

vibrational transitions of a diatomic molecule2. The only difference between the
3

methods is that they choose different selection rules. The dipole moment of the
molecule must change in order for the molecule to be IR active. In other words, the

symmetric stretch in carbon dioxide is not IR active as there is no effective change in
the dipole moment. For a transition to be Raman active there must be a change in the
polarizability. Thus Raman spectroscopy is complementary to IR spectroscopy.

1.2. Two-Photon Fluorescence Microscopy
Electrons lose energy in the process of relaxing from an excited state to a
ground state. This is a result of the electrons spontaneously falling back to different

vibrational states within electronic state energy levels. This results in the red-shifting
of the wavelengths when the electrons fall back to the ground state. The spontaneous
resultant light emission is called one-photon excited fluorescence. This is the
popularly know as the Stokes Law and the shift in energy is called the Stokes shift.
This concept is illustrated in Figure 1.1b. Usually, the emission spectrum is a near

mirror image of the absorption spectrum. In fluorescence, the excitation or absorption
wavelengths are shorter than the emission wavelengths. Sub-micron cellular imaging
is made possible with the presence of fluorophores, chromophores which undergo the
fluorescence process when excited. This handy technique is not without its problems
though; the light can suddenly stop emitting. This process is called photobleaching.
Photobleaching is one of the biggest issues in fluorescence imaging. Fluorophores can
irreversibly lose the ability to fluoresce due to the photon-induced damage. Although
oftentimes attributed to triplet state interactions of the fluorophore with singlet
4

oxygen, the mechanism is not completely understood. In some cases the fluorophores
can become emitting once again after being in the dark state for a certain amount of
time, this is called reversible photobleaching.
Another useful method of excitation for fluorescence emission is Two-Photon

excitation (TPE). This method provides many advantages; better 3-d imaging of the
sample, one filter for many chromophores, the use of one wavelength for many
chromophores, better rejection of background signal, etc. Two individual photons with
roughly twice (never just exactly) the normal excitation wavelength (or roughly half
the energy) are used in exciting the sample. Using a high numerical aperture objective
(1.4 NA, oil), the light is directed onto the sample. The sample can be scanned under a
laser spot and only the fluorophores in the very small plane of focus get excited. This
is due to the quadratic emission dependence. This method of exciting emission only
from fluorophores in a limited volume within the excitation area turns very
advantageous to confocal scanning microscopy. This characteristic also will
dramatically reduce the photobleaching of the fluorophores in the bulk sample as in

the case of fluorescence imaging of liquids5. Figure 1.2a and b show the energy level
diagram and the volume confinement of the two-photon methodology.
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Figure 1.2a) A Two-Photon Jablonski Energy Diagram and b) Volume localized excitation of 2
Photon

A two-photon event is dependent on the simultaneous interaction of two incident

photons, provided they arrive temporally on the order of 10"17 to 10"18 seconds from

each other. Since two-photon absorption is a 3rd order process, this involves a 3rd order
non-linear complex susceptibility (%(3)) of which the imaginary portion is responsible
for absorption. This results in a quadratic emission dependence of the light intensity
rather than a linear dependence in a normal one-photon excitation (OPE) fluorescence
process. Therefore, due to this quadratic behavior, a two photon (and multi-photon)
excitation event is considered a non-linear excitation method. This intensity-squared
dependence is the basis of spatially localized nature of two-photon excitation.
There are several advantages in using TPE. Drastic reduction of the background signal because of localized excitation is one of the prominent advantages and
thus leads to reduced photoxicity. For example, biological samples can still be

cultured and thereby analyzed without invasive analysis5' 6' 7.
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1.3. Surface Enhanced Raman Spectroscopy (SERS)
ft

1

9 S

Raman signals are very weak (1 in 10 photons cause an emission event) ' ' .
Since the emission wavelengths are very close to the excitation wavelengths (a few to
tens of nanometers away), it is very hard to filter out the signal excitation wavelength
and collect the emission. SERS makes detection easier by enhancing the Raman
signal. Sample substrates are of primary importance in realizing this idea. Roughed

glass substrate with silver or gold deposition was the primary approach to amplify the

Raman signal1' 2' 3' 8. Sputter coating, thermal evaporation and e-beam evaporation are
common methods to coat these noble metals (filled d-bands in the strict sense and does
not cross the Fermi energy level and group II in the periodic chart). The surface
roughness of such coatings is very non-uniform. These non-uniform locations can
provide huge enhancements in the Raman signal. Controlling the position of these
locations in a defined pattern provides us with a unique and a novel substrate. This
precise placement of the nanoparticles is achieved by a modified method of electronbeam lithography in which the polymer is overexposed thereby cross-linking it to the
substrate in the defined pattern. Tunability of the location due to wavelength and
polarization is another characteristic which is novel.

1.4. Nano-Lithography
Many of the fields within nanotechnology rely on nano-lithography

techniques9. Research, growth and development in nanolithography is one of the
demanding areas of this new era in advanced technology4. Depending on the need and
7

applications, there are a wide variety of techniques within nanolithography - soft

lithography, imprint lithography, self-assembled polymers based lithography,
nanosphere lithography, electron-beam lithography, ion-beam lithography, and a

relatively newer technology - dip pen nanolithography (DPN)10' n' 12. These are just a
few to mention, and there are variants within these methods as well. Here I will be

focusing on ion/electron and DPN lithography methods.

1.4.1. Ion-Beam Lithography (IBL)

Ever since the invention of focused ion beam (FIB) systems, lithography based
on ion beams has become an active area of interest. Commonly used in the
semiconductor industry for the purposes of machining in the nano regimes, FIBs have
found a niche in the world of failure analysis, mask repair and R&D on the nanoscale.

High-energy focused gallium (Ga+) ions (which vary from 1 keV - 50 keV) interact
with a surface to make nano-scale patterns. During the interaction with the surface of

the sample, the heavy ions knock out the surface atoms leaving an empty space behind
it. Depending on the dose of these high energy beams and the exposure time to the
surface under modifications, patterns can be created in a controllable manner. Some
recent examples are:

• the creation of new designs of W, Au, In, Bi, etc., material tips for use in

electron and or ion-microscopes13.
• the fabrication of locator grids on various substrates14 and more areas are under
active prospect.
8

• Implanting dopants in precise amounts of impurities for adjusting electronic

properties15
• Fabrication of nanomechanical devices integrated on CMOS circuits16
• More discussion about these techniques is located in the IBL section of this
thesis.

1.4.2. Dip-Pen Nanolithography (DPN)

DPN is a relatively recent technology invented by Mirkin et al.17 This method
is much different from IBL in which effect from ions are the primary reason for the
pattern formation. DPN is a less invasive method. Pattern formation could be from the
physisorption of molecules on the specimen or by chemisorption (covalent or
electrostatic). Initially started as an issue in the contact mode (CM) imaging mode of
the atomic force microscope (AFM), it was modified to be more of an application
rather than as a problem. In CM mode, there is usually a water meniscus present
between the end of the AFM probe and the substrate. This water meniscus plays the
major role of transfer of molecules from the AFM probe on to the substrate. Figure 1.3
shows the schematic of the water meniscus formation and the DPN transfer of

molecules along with the variants in the DPN technology.
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Figure 1.3: Variants of DPN - a) Thermal DPN, tDPN, in which transfer of the molecules depend on
the temperature of the AFM probe, b) Voltage is applied between the AFM probe and the substrate
causing the molecules to move to the substrate via the liquid medium, called as Electrostatic DPN. c)

Writing mechanism of the nano-fountain pen. The molecules in this case transfer by the capillary action
onto the substrate. (Reproduced from Nature Nanotechnology 2, 145 - 155, 2007)

DPN depends on a range of experimental factors - percentage of relative humidity (%
RH), AFM probe characteristics like spring constant of the cantilever, tip end
diameter, chemical interaction between the "ink" and the substrate.

1.4.3. Electron-Beam Lithography
Similar to IBL, electron-beam lithography (EBL) is widely used in the

semiconductor industry. Later research and development of the system brought up
with a wider range of applications - micro electro mechanical systems, nano electro
mechanical systems, patterning applications and more. In this case, focused beam of

electrons (much lighter than Ga+ ions) are scanned over the photoresist films thereby
changing the chemical characteristics of the film. This enables to selectively
10

dissolve the exposed (or the unexposed film for negative resists) film in the developer
solutions. Thus surface features are formed with a contrast in heights. Typically, a
metal is deposited at this stage of lithography. Hence when the unwanted polymer
resist is removed with a strong solvent, the metal patterns still remain on the surface
forming the required pattern. EBL does provide a very high resolution and a good

controllability over the pattern18.
In the case of exposing the electron beam for extended periods of time, the
positive resist starts behaving like a negative resist and thus cross links to the surface.
Using this method of lithography, nanostructures were created on which metal was
deposited. Alternately, nanoparticles were also deposited on these nanostructures. A
major part of discussion is carried about this in the electron-beam lithography section.
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2. Research Goal

One possible solution for the ever increasing need in analyzing small chemical
or biological samples accurately could be in the use of Raman spectroscopy. Despite

the invention of this Nobel Prize winning technique back in the 1930s1 , there have
been problems with the experimental realization until recently; lack of proper
monochromatic sources, expense of sharp cut-off optical filters, and slow detection

methods1' 2. Currently, there is still a very big barrier ($$) in the intensities of Raman
signal from the sample and the sensitivity of the detectors. Raman signal enhancement
is needed for a stronger signal and faster response time. This electromagnetic field
enhancement can be provided by the nanoparticles with a specific shape and size
aligned and oriented on a substrate. However this task is not trivial. Additional
enhancement associated with the molecular binding to the nanoparticle/ substrate can

lead to amazing levels of signal collection. In 1997 Shuming Nie20 showed that with
the use of randomly placed Ag nanoparticles, the Raman signal from a single molecule
can be detected. For this scenario this meant that the molecular emission enhancement

level was on the order of 10 . At first the scientific community was skeptical, later it
was determined to be "somewhat" repeatable by other groups, however, like "a needle

in a haystack". The electromagnetic field enhancement at best accounts for ~107 V/m
at best, after this amplitude air breaks down. The rest of the enhancement is believed
to result from a binding enhancement factor from the LUMO and HOMO interacting

in an unusual fashion21. This surface modification in order to achieve an enhancement
12

for sample analysis is referred to as Surface-Enhanced Raman Spectroscopy (SERS).
Current status for creating such an ideal substrate for SERS is still under immense

research. Well known researchers are making attempts in creating such field-

enhancing substrates22' 23' 24. Very few attempts of the confinement of the sample
within the near-region of the nanostructure have been attempted. In this work, I have
created novel high field enhancement nano-geometry on a substrate which allows the
user to place samples with molecular emission into regions of high field enhancement
for better detection. These nanoparticles and nanostructures were fabricated onto
different types of substrates , insulating and conducting.
Using an extended version of Electron-Beam Lithography, poly-methyl
methacrylate (PMMA) nanostructures of various sizes and heights were created with a
very precise control of electron-beam exposure time. In addition to this, these
nanostructures were spatially isolated by adding walls on all sides. Coating metal on
top of this structure allowed the metal to be isolated from ground and thereby
increased the particle resonance enhancement factor. Creating such isolated metal
islands enabled confinement of the particle under investigation to be close to the field
interaction volume. Thus the field enhancements from both the top and bottom planes
were decoupled from each other in order to increase the field amplification in a
defined location. One can carefully rotate polarization of the incoming field and
generate three separate and spatially predictable locations of enhancement. This
experimental setup is further supported based on the computational studies using
Finite Difference Time-Domain (FDTD) analysis.
13

The novelty of this work is in the following aspects:
- Isolation of the metal / nanoparticle from the ground plane using
crosslinked PMMA

- Creation of nano-walls for confining the analyte under examination to be
present in the near region of the nanostructure.
- Patterns created on surfaces that could be used by both the reflection and
transmission type microscopes thus broadening the range of applications.
- Tunability of spatial excitation position to wavelength of excitation as
well as polarization specificity for the wavelength (with 3 additional
spatial polarization components). The nonlinear nature of multi-photon
excitation also confines the spatial location to better than ?/3 at the
nanotriangle end points.
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3. Finite Difference Time Domain (FDTD) Modeling

3.1. Introduction

FDTD is a mathematical modeling method used to analyze the effects of
electromagnetic fields on objects defined in a workspace. Calculations are done in the
background based on a leap-frog method in which first the electric field and then the
magnetic field is calculated for each step. Time is quantized into steps and the object
space is divided into cells. Each cell size is normally less than the wavelength of light.
Figure 3.1 gives the orientation of the electric fields present on the edges of the box

and magnetic fields on the faces. This is known as Yee cell25.
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Figure 3.1: a) Yee Cell representation with electric (E) and magnetic (H) fields propagating in all
directions, b) Three axes orientation to define the direction of propagation and polarization of the fields.

The collection of these cells lead to the creation of the object in an area called
mesh (workspace). This method can be effectively applied to create an approximate
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3D representation of the actual object being represented. In order to correctly represent
the object's response to incoming field and currents, specific material parameters are
utilized. Material parameters used to define materials in FDTD are static permittivity
(ss), infinite permittivity (E00), relaxation time (t) and conductivity (s). Conductivity
can be defined with these objects based on the Drude equation in the form of modified

Debye Formalism26. The other parameters are determined through comparing the
frequency domain values (t, 8reai and Simaginary) which have equivalence to the time
domain values. Orientation of the incoming field is also important. The incident
direction of the electromagnetic wave and the polarization directions can also be
defined in FDTD based on the coordinate system shown in Figure 3.1. Following

calculations are performed on XFDTD® 6.0 (Remcom Inc.).

3.2. Intensity Dependence on the Shape of the Nanoparticle
Chemical synthesis proves that there is a possibility of growing various shapes
of nanoparticles. Shapes include, but are not limited to, triangular, rhomboidal,
quadrilateral, and hexagonal. For us to get a better understanding of how the shape
affects the field enhancement factors, various shapes of nanoparticles are created in
the FDTD environment. These shapes are designed to the close replica of the particles
that were created using the citrate reduction method. This work is concentrated on
analyzing triangular shapes and FDTD is well suited for this task.
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b)

a

Figure 3.2: a) Triangular Nanoparticle created in FDTD and analyzed. Large
arrow indicates the polarization direction while the field is travelling into the
paper, b) TEM image of a chemically synthesized gold nanoparticle.

Figure 3.2a shows a nanoparticle object created in FDTD. Although Figure
3.2a shows sharper edges, for analysis the physical aspects of this nanoparticle are

made to correlate with that of the chemically synthesizable nanoparticle. This particle
is 100 nm in side length then irradiated with light of wavelength 800 nm. Direction of
propagation is into the page at 1 V/m. The resultant field enhancement is 9 V/m and

thereby the Intensity Enhancement is 81 (V/m)2. The polarization of the incident beam
also defines which face/side of the nanoparticle will produce the most enhancements.

Figure 3.3 shows the various directions (arrow head direction) of polarizations with
the beam traveling into the page for the same nanoparticle as discussed above.
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a)

b)

e)

Figure 3.3: FDTD analysis of gold nanotriangle with various applied polarizations of
electric field as shown by arrows, a) 0° b) -30° c) -60° d)-90° rotation of polarization angle
with respect to the base of the triangle.

Following the conceptual analysis of the formation of various shapes based on

triangular shape27, a parallelogram (made of two triangles), a quadrilateral (made of
three triangles) and a hexagonal shape (made of six triangles) were designed in FDTD.
Figure 3.4 (a) and (b) show various shapes of gold nanoparticles synthesized using
citrate reduction method and their respective FDTD models (c-e) replicating the same
size and shape. All the objects in these modeling experiments are meshed with a base
18

cell size of 1 nm. Material parameters for gold based on the modified Debye
formalism are set with the following values - static permittivity (e8) = -12987, infinite

permittivity, (e«,) = 9.012, conductivity, s = 1.464 ? IO7 S/m, relaxation time, t0 =
-15
8.017 ? ??"13
sec (reference 26).

5.3 V/m Field Enhancement

C

12.1 V/m Field Enhancement

4.8 V/m Field Enhancement

>

Figure 3.4: a) and b) Chemically synthesized gold nanoparticles with various shapes, c), d) and e)
represent the respective shapes of nanoparticles shown in a) and b). Scale bar in a) is applicable for b) e). f) - g) indicate the resultant field enhancements for the applied electric field polarization direction
indicated by the arrow.
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With an incident field of 1 V/m propagating into the page and polarization
perpendicular to the plane of incidence, each of the shapes produces enhancements.

The wavelength of the source of excitation is 800 nm (375,000 GHz). Large field
enhancements are observed on the corners of the nanoparticles. This could be

attributed to the well known lighting rod effect24.
3.3. Intensity Variation Depending on the Minor Changes in the Physical
Features of the Triangular Nanoparticle
As understood from the previous section, the shape of the nanoparticle plays a
major role in the resultant field enhancements. Among the various triangular
nanoparticles, care should be taken in properly distinguishing between them based on
their physical appearance. The rounded edge triangular nanoparticles are the ones with
not so sharp corners, but still appear to be triangular in side angles (Figure - 3.5c). By

the Boolean addition and subtraction of objects in FDTD, one can mimic a perfect
replica of rounded triangular nanoparticle (Figure 3.5b). With all the same material
parameters, excitation wavelength, incident direction and polarization, a decrease in

the field enhancements is noticed when compared to the ideal triangle with very sharp
edges. This rounded triangular nanoparticle can be characterized by its snip length. By
decreasing the snip length, the rounded triangular nanoparticle behaves more like an

ideal triangular nanoparticle. Figure 3.5 shows the difference between the near triangle
and ideal triangle. Table 3.1 details the variation of enhancement factors based on the
snip length.
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Figure 3.5: Gold nanotriangles created in FDTD a) Ideal triangle, b) Creation of near-ideal triangle, c)
Chemically synthesized nanoparticle. d) Field enhancements of the FDTD replica from Figure 3.5c.
Table 3.1: Variation of field and intensity enhancements based on the snip length of the nanoparticle
Snip(DiD)
Length

E-ReId

Intensity(V/m)2
Enhancement

(V/m)
33
30
25
20
15
10

4.80
6.10

23.10
37.28
46.00
55.08

6.78
7.42
8.91
10.72
13.01
14.02
15.45

79.40
114.91
169.26
196.56
238.70

15.76
16.68

248.37
278.22
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Figure 3.6: Plot showing the increase in intensity Enhancement with decrease in snip length

Based on the data from Figure 3.6, ideally, one would prefer to have a triangular
nanoparticle with zero snip length as it provides the best enhancement factors. Reason

for the ?-field enhancement could probably be addressed to particle plasmon
resonance. As the particle sharpness increases, the electrons over the corners tend to

resonate more with the excitation fields, thereby producing highly localized field
enhancements. This analysis follows the discussion on the importance of particle

sharpness presented by Krug et. al.26

Thickness is one of the physical features of the nanoparticles that could also a
big role in the field enhancement factors. Table 3.2 and Figure 3.7 show the variation
of the enhancement factor based on this physical feature.
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Table 3.2: Field enhancement variation based on thickness of the nanoparticle.
Thickness (nm)

Field Enhancement (V/m)

Intensity Enhancement (V/m)

21.50
19.52

462.25
381.03
792.98
278.22

28.16
16.68
14.40

10
20
30
40
50

207.36
146.65
115.77
102.41

12.11
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10.12
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Figure 3.7: Intensity Enhancement variation based on thickness of the nanoparticle. The thick line
indicates the increasing trend of enhancements with decrease in thickness.

Considering an ideal triangular nanoparticle, the thickness is varied and the
respective field enhancements are analyzed. Reducing the thickness of nanoparticle
creates a gradual increase in the enhancement factor. Below 5 nm thickness, the
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enhancements fluctuate because of the possible field absorption calculations
performed by FDTD. This could be a downside with xFDTD and our group is
presently evaluating this.

3.4. Enhancement Factors Depending on the Distance between Nanoparticles
With a fixed spacing of 2 nm between the two nanoparticles and varying the
snip length, one could get a better understanding of the importance of the shape of the
nanoparticle. Table 3.3 and Figure 3.8 show the increase in intensity based on the snip
length of two nanoparticles separated by a fixed distance of 2 nm. As expected, the
field enhancements increase as the sharpness increases. This increase could be from

the cooperative oscillation of the electrons from the tips of the two particles24. The
decrease in the enhancement (dip at 1 nm snip length) could be addressed to a possible
error in the calculations. Theoretically, this value should be more than the
enhancement from the 2 nm snip length.
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Table 3.3: Intensity Enhancement variation with change in snip length of nanoparticles separated by a 2
nm distance.

snip length (nm)

Field Enhancement (V/m)

Intensity Enhancement (V/m)2 ? 103

33
30
20
10

58.22

3.39
5.56
6.11

74.59
78.16
77.11
79.13

5.95
6.26
14.6
15.2

120.8
123.2
121.7
131.6

S
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14.8
17.3

Snip length (nm)
Figure 3.8: Field intensity enhancement increase with decrease in snip length of nanoparticles for a
fixed 2 nm separation

Aligning the ideal triangular nanoparticles in a specific pattern one can generate a

higher field enhancement. Table 3.4 and Figure 3.9 show the variation of field
enhancements for two ideal triangles separated by variable distances between them.
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Table3.4: Intensity Enhancement increase with the decrease of distance between the ideal nanoparticles.
Separation distance (nm)

Field Enhancement (V/m)

Intensity Enhancement (V/m)2

50

17.43
26.59
38.91
59.77

303.80
707.02

20
10

1513.98
3572.45
8429.07

91.81
131.6
224.3

17318.56
50310.49
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Figure 3.9: Field intensity enhancements increase with the decrease of gap between the triangles.

It can be noticed that as the separation distance between the triangles (apex-to-apex
distance) increases, the coupling effect of the field enhancements decrease. This
decrease in the combined field results in the reduced enhancements24.
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3.5. Comparison of Field Enhancements for a Solid Triangle and a Triangular
Nanostructure made of Nanoparticles
In an attempt to study the field enhancement provided by a thin metal
triangular nanostructure isolated above the substrate, I have created a setup similar to
the experimental conditions. Figure 3.10a shows the triangular polymer (green color,
PMMA) nanostructure and above it is the thin gold nanotriangle (yellow color). A
snip-length of 10 nm is maintained at the corners of the triangles (PMMA and gold) to
make the nanostructure similar to the realistic structure. Also, a glass substrate with
dielectric constant 2.25 was added to the setup to maintain the environmental
conditions.

a)

ss

b)

m

m

Figure 3.10 a) Setup for isolating the thin nanotriangle above the substrate, b) Field
enhancements shown at the corners of the nanotriangle. The field enhancements in this case
proved to be higher than the calculations shown in section 5.2.

The field enhancement in this case improved by more than 2 times the normal
case discussed in section 3.2. With an initial field amplitude of 1 V/m (wavelength =
830 nm), the resultant field amplification was 23.8 times higher than the input. Thus
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the resulting intensity enhancement is more than 500 times the incoming source of
excitation. In addition, such a setup provides at least 6 times the intensity
amplification than the setup discussed in Section 5.2. There is a difference in values of

field enhancements at the bottom and top of the gold triangle - 21.5 and 23.8 times,
respectively. This difference could be addressed to the possible disturbances created
by the dielectric medium while calculating the fields of currents generated.

b)

a

¡??pp

SSmSm

Figure 3.11: FDTD study of metal nanostructure made of small spherical nanoparticles a.) Schematic
design created in the xFDTD 6.0 environment. Yellow spherical objects are defined to be the gold
nanoparticles, each of 10 nm in diameter. Green triangular structure is defined as the PMMA replica, b)
Localization of the field enhancements at the top of the triangular tip. In addition, enhancements
between the nanoparticles were also observed.

Other possible experimental geometries were also analyzed using FDTD.
Figure 3.11a shows the design in creating the triangular structure made of
nanoparticles. The spherical objects were carefully placed on top of the PMMA
triangular structure. The thickness of this triangular dielectric was maintained close to
the realistic sizes that were achieved experimentally. In addition, the size of each of
28

the spherical nanoparticles is 10 nm in diameter which is achieved experimentally
also. To these "nanoparticles", materials parameters of gold were introduced - static
permittivity (e5) = -12987, infinite permittivity, (E00) = 9.012, conductivity, s = 1.464 ?

IO7 S/m, relaxation time, t0 = 8.017 ? ??"15 (see reference 26). Care was also taken in
making the smooth corners for the triangular nanostructure, thus making the
calculations to be more appropriate when comparing with real experimental values.
The excitation source was set to be at a wavelength of 830 nm with amplitude of 1
V/m. With a fine mesh of each cell size at 1 nm, calculations were performed for 10
time steps. The resulting field enhancement for this setup was nearly 50 % more than
the setup shown in Figure 3.10. Amplitude enhancement is nearly 39 V/m and thus the

intensity enhancement is nearly 1500 (V/m)2. This is considered to be an ideal
situation. In the experimental condition, based on the AFM images (Figure 7.7), the
particles did not seem to arrange themselves in an orderly fashion. Also, the metal
particles or the coating on the substrate surface were not involved in the calculation
for these enhancements.
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Figure 3.12: Setup for the 3 nm gap separation

When the metal coating (thickness =10 nm) on the substrate was also included
in the calculations for the setup in Figure 3.10, the intensity enhancement decreased to
16 V/m. This interaction of the metal plane with the triangle was further studied by

reducing the gap between the triangle and the metal plane. In other words, the height
of the dielectric pedestal was varied. Thus for a very small gap of 3 nm between the

triangle and the metal plane, Figure 3.12, the fields decreased to nearly 0.7 times
instead of amplifying. Having the dielectric near the triangle increased the field next to
the triangle more than if the triangle was simply in free space and being illuminated.
Although two triangles (bow-tie) would show a great enhancement, better than one
triangle, if one were to extend our results to having them on dielectric pads, the field

would be much better roughly 4000 V/m2. However the EBL realization of this is not
a simple task, therefore we focused our attempts on trying to create a single triangular
30

nanostructure on a dielectric and far away from an unwanted coated substrate.
Studying the experimental conditions can further result in this ideal case.
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4. Nanoparticle Synthesis
4.1. Synthesis of Gold Nanoparticles
Nanoparticle work can be dated back to at least 2400 years ago as seen by a
cup which had incorporated metal nanoparticles (gold and silver) into glass, called the
"Lycurgus Cup". Recently a large focus has been placed on the fabrication and use of
nanoscale materials. Some of the first published research on nanoparticle synthesis set

the stage for wet-chemical synthesis based on the citrate reduction processes28'29'30.
Based on this information more work is being done daily in regards to controllability

in particle size, shape and uniformity27'30'31. In this work, these previously performed
experiments are redone to gain the insight of the process hence setting the path for the
novel SERS substrate.

Citrate-reduction method

Au/Ag nanoparticles can be made via the Turkevich method, modified by
Frens.

This is also popularly known as the citrate reduction method. Hydrogen

tetrachloroaurate (HAuCU) was purchased from Fisher Acros (AC4 11070010). The

typical experiment involves 100 ml of distilled water which is brought near the boiling
point while stirring vigorously. Then an aliquot of gold chloride is added to the boiling
solution. The solution continued to boil and after reaching a stable temperature,
trisodium citrate salt (Na3CöH507) is added. Within a minute the solution turned into a
deep purple color indicating the formation of gold nanoparticles. The heat is turned off
and the stirring is continued until the solution is cooled down to room temperature.
Depending on the ratio of citrate versus gold chloride concentrations, the size of the
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resultant nanoparticle varies. The absorbance peak also shifts either to the red or the

blue side depending on the size of the nanoparticle. Normally higher citrate
concentrations result in smaller sizes of nanoparticles. Table 4.1 shows the
controllability in the size of the nanoparticle. As the concentration of citrate increases

in the solution, the particle size decreases. The negatively charged citrate ions adsorb
onto gold atoms creating a surface charge. This charge repels the other negatively
charged nanoparticles and controls them in aggregating. On the other hand, as the
citrate concentration decreases, the amount of citrate ions available for stabilizing the
particles reduce thereby causing the smaller gold atoms to aggregate and form larger
ones.

Table 4. 1 : Gold nanoparticle size variation and color changes based on citrate concentration.
Sodium Citrate (ml)

Particle Diameter (nm)

Color

0.2

165

Pale cream

0.4

155

Brownish pink

0.6

105

Brownish violet

0.8

75

Dark violet

1.5

55

Dark red-violet

2.0

40

Dark red

4.0

35

Reddish orange

6.0

20

Dark orange
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This process continues until the total surface area of the gold nanoparticle is

small enough to be encapsulated by the existing citrate ions4. This change in size can
also be verified by the change in the color of the nanoparticle solution as shown in
Figure 4.1.

$»!

Decrease in particle size
Figure 4. 1 : Gold nanoparticle color variation with respect to size.

The metal nanoparticles are of much interest because of their unique optical

properties based on their size, shape and physical aspects4'24. There is much research
currently under way to find the reason why the nanoparticles tend to change their
morphology when exposed to extended periods of radiation. One argument regarding
the various shapes in the nanoparticle formation, primarily triangular, is the selective
enlargement of the {111} facet rather than the {100} facet. Even though the growth
mechanism for various nano shapes has been explained by Xia et al., they only have a
"hypothesis" on what controls the crystallinity or the twin structure of seeds involved

at the nucleation stage32'33'34. The key factor in determining the final shape of the
nanoparticle is the requirement of minimum surface energy. For both Au and Ag, a
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seed particle of less than 5 nm is theoretically studied and is concluded that the seed

can vary between twinned and single-crystal morphologies33'34.
Figure 4.2 shows the UV-Vis analysis results indicating the presence of
nanoparticles of various sizes. There is a red-shift in the peak absorption wavelength
as the citrate concentration varies, thus showing an increase or decrease in the particle
size.
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Figure 4.2: UV-Vis spectra of gold nanoparticle solutions with varying sizes
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Figure 4.3: TEM images showing gold nanoparticles of various sizes with citrate concentration
decreasing from a - h

TEM micrographs were acquired with a Zeiss EM-109. Figure 4.3 show the
controllability in the size of the nanoparticles. The overall concentration of citrate was
reduced from top to bottom in the images. Also, the peak absorption wavelength has
shifted more towards the red wavelengths, as expected. Clearly, all the particles in the
above image are not uniform in shape. They include mostly near spherical particles.
Other possible shapes of metal nanoparticles that can also be synthesized using the
citrate reduction method are shown in Figure 4.4.
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Figure 4.4: TEM images of gold nanoparticles showing various shapes

Each of these particles could play a very big role in enhancing the weak
Raman signal. A further study on this is continued in Finite Difference Time Domain

Analysis (FDTD) chapter. A major issue at-hand is the non-uniformity of the particle
shape in the colloidal solution. To achieve this controllability, researchers have
implemented various methods of irradiation techniques35'36'37.

4.2. Light Induced Nanoparticle Shape Modification
When exposed to light for a longer period of time, metal nanoparticles show a

change in the shape and size27'31. Aiming for a better understanding of the experiments
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performed by Jin et al., I repeated their work. I was able to change the size and shape
of the nanoparticles based on the irradiation timings. Initially, the nanoparticles were
created by reducing silver nitrate (AgNO3). The smaller particles were then separated
from the larger nanoparticles by centrifugation. These are then irradiated under normal

40 W fluorescent day light tube and also under -200 mW power 532 nm green laser
(two separate setups). Depending on the exposure time, the particle morphology varied
from spherical to triangular.

Experimental Procedure

95 ml of MilliQ® pure water is placed in an Erlenmeyer flask and 1 ml of 30

mM aqueous tri-sodium citrate (Na3C6H5O7-SH2O) is added to it along with 2 ml of 5
mM aqueous AgNO3. The flask is kept in an ice bath and the solution is bubbled with

argon under constant stirring all through the duration of the reaction. Freshly prepared
ice-cold Sodium Borohydride (NaBH4, 1 ml, 50 mM) was rapidly injected into the
flask. The solution immediately turns a light yellow in coloration indicating the
reduction of silver nitrate. The reaction continues for 15 minutes by adding a few
drops of sodium borohydride every 3-5 minutes until the reduction process is
completed. 1 ml of 5 mM Bis-p-sulfonatophenyl phosphine (BSPP) was added along
with 0.5 ml of NaBH4. Since trisodium citrate (first ligand) is not an efficient stabilizer

of silver colloids, BSPP was chosen to be a second ligand. The nanoparticle solution is
kept under stirring for a period of 12 hours. The final solution turns a deep yellow in
coloration.
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Before the irradiation step, it is important to make sure that the seed particle

size is no greater than 10 to 20 nm27. A smaller size colloidal solution was separated
using a Dupont (Sorvall RMC- 14) centrifuge. Synthesized colloidal solution was
placed in micro centrifuge tubes and spun at a speed of 10 krpm. After 15 minutes of
rotation, the top part of the solution which contains the smaller size nanoparticles was

carefully collected into a vial. This is considered as the seed solution for the rest of the
process.

Light Irradiation Method
Two separate irradiation experiments (200 mW 532 nm laser and 40 W
fluorescent room light bulb) are carried out on the seed solution. To achieve a uniform
laser irradiation over the entire solution, the vial with seed solution is placed in a light
diffuser setup. Three microscope glass slides were sand blasted and then attached
together to serve as an enclosure as shown in Figure 4.5b. The second setup contains
one more vial of seed solution which is kept in front of a 40 W fluorescent bulb at a
distance of nearly 10 cm. Both the laser and the fluorescent irradiations were carried
for a total period of 48 hours. Data was collected during this time for every 6 hours.

Results and Discussion

An average of less than 10 nm sized particles was found during TEM
inspection. The seed nanoparticle solution is then laser (532 nm) irradiated for a

period of 60 hours. The solution changed color from yellow to dark yellow to bluish
green to a final sea-blue color indicating the complete formation of the Ag triangles.
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Gradual changes in the solution are kept under track by both the UV-Vis spectral
analysis and TEM analysis. Results from this analysis are shown in Figure 4.5a and
4.5c respectively.
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Figure 4.5.a) UV-Vis spectra of Silver nanoparticle shape changes b) 532 nm irradiation of Silver
colloids, c) Color changes in Silver nanoparticle solution.

The initial seed solution has only one absorption peak at 380 nm which is the
characteristic peak for spherical silver nanoparticles. As the irradiation time proceeds,
this characteristic peak slight red-shifts and a new peak starts appearing around 650
nm indicating the anisotropy in the shape of the nanoparticle. For the final irradiation
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time, the peak at 390 nm goes lower than the peak at 650 nm indicating the presence
of a good number of non-spherical particles; essentially triangular particles.

a) 0 hour irradiation

b) 1 2 hour irradiation

c) 24 hour irradiation
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'JlHIÏTïi

d) 48 hours Laser irradiation
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e) 60 hours Laser irradiation

Figure 4.6: SEM images of Silver nanoparticles with increasing irradiation time from (a - e).

Figure 4.6(a-e) shows the Scanning Electron Microscope analysis of the
solution was also performed for every 12 hours all through out the experiment.
Clearly, the seed particles are spherical and are of 10' s of nanometers in size. The
interesting point to be noticed in Figure 4.6a is that the nanoparticles try to form

triangular shapes, indicating as if that would be the relaxed and stable shape. The
arrows in Figure 4.6b, 4.6d, 4.6e show the gradual transition from the spherical to a
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triangular geometry with an intermediate shape of quadrilateral. Ultimately, once the
spherical transforms into a triangular particle after 24 hours or more, these small
triangles then try to add up to form a larger triangle and the process continues till the

particle reaches a size of about 100 nm. Figure 4.7 (reproduction from Jin et.al.27)
shows a schematic representation of the steps involved in achieving the final stable
shape.

AAA
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4

Figure 4.7: Nanotriangle aggregation schematic in forming a larger triangle27

Reason why a spherical nanoparticle tends to transform into a triangular shape
and why it inclines to reach a final growth of triangle as well is still under intense
research. As understood so far, the process occurs through an edge-selective process
of particle fusion. Essentially, the images from the SEM in Figure 4.6 suggest two
types of nano-triangle particles. The larger size nano-triangle is formed by the

combination of the smaller size triangles as shown in Figure 4.7. Nanoparticles of the
shapes 2 and 3 in Figure 4.7 can also be observed in the SEM images of Figure 4.6
and in the TEM images of Figure 4.5. A bi-modal growth of these nanoparticles was
also proposed and the studies indicated a control in the size of the nano-triangular
particles. Surface plasmon cooperation with the photochemistry was noticed in the
study. According to the study, smaller size nano-triangles grow from the initial
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spherical seed nano-particles and the size is dependent on the dipole plasmon
wavelength of excitation. Complete understanding of the mechanism for this

formation is still to be determined, regardless, reasoning suggests it is directly
correlated with the plasmon excitation. Surface plasmon excitation could redistribute
the charges on the surface to either advance or slow down the growth of nanoparticles.
In addition, plasmon excitation could also lead the dissociation of the ligands at the
particle edges and further increase the size of the nanoparticle by the particle-particle
fusion38.

4.3. Rapid Thermal Synthesis
Considering the long time factor involved using the light-irradiation method
for synthesizing nanoparticles, a rapid synthesis method was carried out according to

the protocol defined by Mirkin et al39. In a typical process, 1 .5 ml of 30 mM sodium
citrate, 1.5 ml of 0.7 mM poly(vinylpyrrolidone) (MW very high), and 60 µ? of 30 wt% hydrogen peroxide are added to a vigorously stirring 25 ml of 0.1 mM solution of
silver nitrate at room temperature. To this solution, 250 µ? of 100 mM

sodiumborohydride is added. Initially, the solution is in pale yellow color indicating
the formation of nanoparticles. After nearly 30 minutes, the color of the solution
changes within the next 5 to 15 seconds from pale yellow to bright maroon to deep
blue. The complete time involved in the color change was observed to be dependent
on the volume of PVP present in the solution. This is just an observation made during
the part of the experiment and no further investigation was carried out using this
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change. Particles synthesized based on the original protocol were further analyzed
using UV-Vis spectrophotometer (lambda 45) and JOEL (100 CX) transmission
electron microscope (TEM).
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Figure 4.8: a.) UV-Vis plot for the synthesized silver nanoparticles using the rapid synthesis method39. 1
- IV indicate the increase in sodium borohydride concentration, b.) TEM image of the as-synthesized
silver nanotriangles. The scale bar indicates 100 nm.

Figure 4.8a shows the UV-Vis plot of the synthesized silver nanotriangles.
Variation in the concentration of sodium borohydride present in the solution leads to
the change in the thickness of the nanoparticle. Hence the red-shift in the absorbance
peak can be noticed with the increase in the concentration. A clear defined triangular
shape of silver nanoparticles was achieved as shown in Figure 4.8b. There are about 3
types of resultant nanoparticles other than the 100 nm triangular nanoparticles spherical seed nanoparticles, smaller triangular nanoparticles and the near-triangular
nanoparticles. Based on 10 TEM images, it was found out that the dominant type were
the 100 nm triangular nanoparticles. Particle shapes in all the four stages of Figure 4.8
44

as well as for a defined triangular shape were achieved using the wet-chemical method

for gold and silver nanoparticles in a colloidal solution. Deposition of these particles
in an aligned way has always been a problem. Methods for making triangular shapes

of about 100 nm on a solid substrate also proved to be challenging22'40. Precise shape
of the particle turns out to be very critical in the size range of 100' s of nanometers.

This aspect will get a greater focus in the further sections. This directed us to grow
particles initially on a substrate and further irradiate them in the presence of the
solution. To get an initial growth on a substrate, various methods were used which are
discussed in the next section.
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5. Focused Ion Beam Assisted Metal Nanostructures

5.1 Locator Grid

Nanostudies typically involve the development of materials with dimensions
on the nanometer scale. At these dimensions, determination of the region of interests
(ROIs) from one analytical tool to another is nearly impossible without a reference
map. Commercial TEM grids offer the ability to study nanoparticles by suspending

the particles on Formvar®, Parlodian, holey carbon, or combinations of them. While it
is possible to purchase grids with alphanumeric labeling to help identify locations, the
smallest standard openings available are on the order of ~ 100 µp?. To find a sample
position on the order of 100 nms still can take a long time. For researchers interested
in optical studies primarily, versatile sample substrates built on glass at this scale are
not currently available commercially.
In the past, FIB systems have been used primarily in the semiconductor field to

modify chips. FIBs use Ga+ ions as a source for imaging, milling and deposition
techniques.

These methods are accomplished using the principles of a standard

electron microscope. The FIB has the capacity to modify on the nanometer scale via
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milling and deposition of complex geometries. These include traditional mask repair
42,43

in the semiconductor industry, (TEM) sample thinning
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in biology and in scanning

45,46

probe microscopy.

The systems can deposit metal and dielectric materials with

minimal sample preparation and charging issues. These processes occur while
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simultaneously imaging the sample. A FIB is able to carefully mill lines in the

Formvar® polymer on a standard TEM grid without milling through. The modification
allows recognition of the grid location, and therefore the sample ROI. The polymer
modification achieved through the FIB gives the ability (i) to see the grid in the optical
microscope due to altered index of refraction, (ii) locate the grid in the TEM due to
alteration of electron attenuation characteristics, (iii) topographically measure the grid
by AFM due to sputtering of polymer the surface and (iv) identify the grid through
modification of secondary electron yield in the SEM detection. The ability to alter a

material by Ga+ ion beam modification at the level of the nanometer sized beam (~5
nm imaging) allows the grid size to be reduced to submicron size (-15 nm line width

milling). We present a simple way to use the FIB in order to map ROIs on Formvar®
coated TEM grids and bulk glass substrates at the nanometer scale.

Experimental Method

The FIB system utilized in this study is a combination of two systems for
comparison, an FEI / Miction 2500 (Micrion hereafter in this article) and an FEI dual-

beam Strata DB-237 (DB-237). Both systems utilize a liquid metal (Ga+) ion gun
source. The Micrion FIB generates a Ga+ beam which is accelerated to a maximum
potential of 50 kV and the DB-237 to 30 kV. The beam current reaching the specimen
ranges from 0.5 pA to 35 nA and 1 pA to 10 nA respectively. For all the experiments
the beam extraction current is in the range of 2.0 to 2.2 µ? to maintain the stability of
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the emitter as well as to extend the lifetime of the Ga reservoir while maintaining a
47

low energy spread. The secondary electrons liberated from the surface by the ions are
collected for imaging. Beam currents are varied from 100 pA - 30 nA for milling and
reduced to 1 - 15 ?A for imaging in order to minimize damage by the ion beam, with
spot sizes of ~5 - 25 nm (current depending). The type of material and dose rate of
the ion beam determines the milling rate of the FIB. The DB-237 has the added
advantage of an additional electron beam which operates as a field emission scanning
electron microscope (FESEM). This allows nondestructive, high resolution sample
imaging during the ion milling process.
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Figure 5.1. Grid pattern utilized by the FIB milling programs, the outer dimension

is (125 ? 125) µ??2, the inner grid dimension is (12.5 ? 12.5) µp?2.

Due to the lack of user friendly interface for the Miction FIB system, an inhouse Visual Basic™ (VB) (Microsoft) Program was developed to create complex
patterns for the for Miction system. Using this VB program, an alphanumeric grid was
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created and is transferred into the FIB' s memory as a saved pattern, demonstrated in

Figure 5.1. To demonstrate the reproducibility of this technique, gold nanoparticles
(~25 nm in size) prepared by the citrate reduction method are placed on 75 mesh

Formvar® and carbon coated TEM grid made by Ted Pella (Prod No. 01802-F). By
dipping the grid into the nanoparticle solution and allowing the sample to air dry for
approximately 30 minutes, colloidal nanoparticles are left on the surface of the

Formvar® coating.
Imaging and milling in the FIB requires one to use low beam currents,
typically 10 ?A or less, and these beam currents are also suitable for milling. One
should avoid imaging on one location of the grid for long periods of time especially at
high magnifications since the ion beam will cut through eventually. This lends to a
perfect fit with a dual beam system where the user can find the location of interest
with the electron beam then mill the pattern of choice by only changing the angle at

the eucentric height. Once selected, a portion of the Formvar® coating is milled in a
serpentine mode (triangle wave scanning, as opposed to raster or saw tooth) with a

dosage of 0.24 nC/µ??2, dwell time of 1 µ8, 1 nm X and Y dwell spacing and a
working distance of 21 mm. Exceeding the 0.24 nC/µp? dosages can cause the beam

to mill through the Formvar® or substantially weaken the film. Since the film has a
thickness range typically of 30-70 nm there is some room to increase or decrease this
value of dosage if needed. Figures 5.2 and 5.3 demonstrate a typical grid milling. In
terms of charging, the sample behaves well without additional coatings of carbon or

other metals. Although not necessary in the Formvar® portion of this work, for ultra49

precise alteration, a charge-neutralizing flood gun (found in FIB systems) could be
used and for bulk glass substrates is preferred. Once the grid is fabricated, the sample
is available for AFM as shown in Figure 5.4, SEM, TEM, and optical studies.

Figure 5.2: Ion induced secondary electron micrograph of a milled grid pattern
after milling was completed with nanoparticles present. The black dots are caused

by inhomogeneities in the carbon coating on the Formvar® film.

500 nm

Figure 5.3.: Bright field STEM micrographs acquired with the electron column on
the FEI DB-237 Dual Beam in STEM mode, with acceleration of 30 kV, WD of 5

mm. Grid is (20 ? 20) µm2 with inter grid spacing of (2.2 ? 2.2) µm2.
50

I

*
/
m

?.

Figure 5.4: CCD video image captured with a Belkin (F5U208 - frame grabber)
of a FIB-milled alphanumeric grid on the pre-existing Formvar coated TEM
grids, showing one of many fabricated grids, during AFM imaging.

Ion Beam Lithography Results
In the field of biological optical imaging, fluorescence and Raman microscopy
are commonly used methods. Once an ROI on a substrate is found, one is typically
limited to the spatial diffraction limit of an optical system. Further inspection can be
done with a higher resolution technique, such as an AFM, TEM, SEM or scanning
transmission electron microscopy (STEM) (which typically shows higher resolution
than normal secondary electron (SE) collection as demonstrated in Figure 5.3). The
TEM grid used to demonstrate this method has a spacing of 284 microns (75 mesh);
thus the grid pattern chosen fits the size ideally in order to subdivide the region
further. As seen in Figure 5.1, the overall grid scale is 125 microns and the inner grid
12.5 microns.
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Optical Imaging

In locating the grid optically it helps to use either epi-illumination (as shown in
Figure 5.5) or dark-field collimated illumination. As normal bright field microscopy
has difficulty imaging the grid, the contrast is improved by using a dark field method.
Optical microscopes suffer from poor depth-of-field especially at high magnifications;
thus care is needed to keep the grids as flat as possible. Optical images were acquired
with a Leica DFC 480 5-megapixel camera on a Leica DMRX under collimated darkfield illumination.

a

Figure 5.5: Optical micrographs of the milled grid. The following objectives were combined with
a 0.9 numerical aperture (NA) condenser lens: a) 2Ox 0.5 NA, b) 63x 0.7 NA long working
distance (LWD) respectively.

The contrast of the grid is shown in Figure 5.5 (a, b). The microscope should be
aligned with Köehler illumination in order to get a clearly visible grid.
Atomic Force Microscope Imaging

In order to locate the milled grid pattern within the TEM grid with an AFM,
the grid is mounted to the dull side of a silicon wafer. Mounting the grid on the
silicon requires a very small drop of silver paint, then placing the grid next to the
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paint drop and sliding the grid so that the edge just makes contact. The paint is then
allowed to dry for about 15 minutes. The silicon section containing the mounted grid
is placed on a magnetic AFM mount via carbon tape. It is important to mention that
this sample mounting serves for both AFM and SEM imaging. The user will need to
take care in removing the grid for TEM and optical imaging in order to not damage
the milled area by unnecessary flexing or bending of the TEM grid.
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Figure 5.6. AFM surface topology of the milled grid with Au nanoparticles. Image a)
represents the ROI with a field of view (FOV) of 13.9 µp?. The circled particle cluster is
investigated at 5.6 pmb) and 2. 1 µp? c). Image f) is a zoomed location of image c) of the
ROI with a FOV of 420 nms. Graph d) shows a cross sectional analysis represented by
the line in image c). Graph e) shows the cross section as labeled in image f).
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The area of interest is scanned with a Veeco/Digital Instruments Nanoscope III AFM
using non-contact tapping mode cantilevers (SPI Supplies #ACL10). The nanoscope
was equipped with an optional video camera (Figure 5.4) for viewing the sample area;
this is critical for proper location of a ROI. Scanning was performed in tapping mode
with an integral gain of -1.5 and a proportional gain of -2 with 512 samples per line at
a scan rate of -0.3 Hz. Figure 5.6 shows an AFM surface topographic scan of the
milled grid with Au nanoparticles present. Figure 5.6a represents the ROI with a field
of view (FOV) of 13.9 µ??. The circled particle cluster is investigated at 5.6 µp?
(Figure 5.6b). Figure 5.6c shows a further zoomed in FOV of 2.1 µp?. Figure 5.6d is
the cross-sectional line over the surface in Figure 5.6c. Figure 5.6f is a zoomed
location of image Figure 5.6c of the ROI with a FOV of 420 nm. Figure 5.6e shows a
cross sectional analysis across the line in Figure 5.6f.

SEM Imaging
The same TEM grid was imaged under the FESEM (FEI Sirion) proving the
ease in finding the same nanoparticle at the very same position. There is no need of
any extra conductive coatings to image the TEM grid in the SEM. This analytical
technique helps in imaging the samples in a less damaging approach than a FIB.
Secondary electron imaging of the milled grid was accomplished with an accelerating
voltage of 2 kV at a 5 mm working distance. The grid is not detectable at higher
acceleration voltages due to the larger interaction volume with the sample which
generates SEs from underneath the sample. Careful examination of the images show
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that the Formvar can easily withstand the beam damage that is caused by
contaminates in the SEM chamber. The black dots on the Formvar® film are locations
where there are manufacturing defects caused by small bubbles in the film making
process. There is no SE production in these bubbles.

Figure 5.7: Scanning electron micrographs of the ROIs identified by
the AFM. Images were acquired in SE imaging mode. The sample
has a high tolerance to beam damage which is highly noticeable due
to the low accelerating voltage used for imaging; a) is at a
magnification of 50Ox, b) 4kx mag., c) 7.5kx mag., d) 15kx mag.

TEM Imaging

TEM (FEI Tecnai F-20) images clearly depict the procedure one would employ
to locate a nanoparticle and reduce the probability of not finding the particle for later
purposes. We tried to image particles at the intersection of the first row and the first

column (Al). As one increases the magnification, it becomes easier to address the
nanoparticle of interest. Since the size of the patterned grid is optically resolvable, this
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situation would be very helpful in the cases of fluorescence, two-photon, Raman and
other imaging techniques requiring that the ROI be precisely located.
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Figure 5.8: TEM micrographs of the ROI. Images are shown out-offocus to locate the milled grid. Beam damage was caused by two hours
of imaging on the grid; a) is at a magnification of 50Ox, b) lOkx mag., c)
40kx mag., d) lOOOkx mag.

The TEM images were obtained at a 200 kV acceleration voltage and a spot
size of 5 (specific to FEI system). Due to the small milling depth of the FIB (~5 nm)
focusing on the grid with least contrast on the TEM causes the grid to disappear; only
under or over focusing will resolve the grid locations. After all of the processing and

imaging techniques the Formvar® was able to withstand TEM beam damage for over 2
hrs of imaging. Figures 5.8(a-d) shows the imaging at high resolution. The oval rings
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on the low magnification TEM image are a result of a corrected projection lens system
in the TEM.

Modification of Glass Coverslips

In circumstances where it is not necessary to use a TEM grid, bulk glass
substrates, glass coverslips, can be used for creating the necessary locator grid. We
used commercially available glass coverslips (VWR Scientific # 48366-045). In bulk

glass substrates, the process of milling and/or depositing with high beam currents
suffers more from image drift due to charging of the substrate. This problem can be
circumvented by use of a flood gun if needed. Electron flood guns cover the surface

with low energy electrons to neutralize the positive charge build up due to Ga+ ions,
and stabilize the imaging, milling and depositing processes. Both milling and
deposition were examined in order to determine the best method to see the grid
optically. The depth of milling and level of deposition were verified with an AFM

(Digital Instruments Nanoscope III). The optical attenuation of transmitted light was
the method used to determine the effectiveness of the deposition or milling. The
milling causes some degree of implantation which slightly colors the surface; this
together with the milling causes diffraction and thus a reduction of the transmitted
intensity is noticeable.
Milling of a Bulk Dielectrics

Microscope glass slides were cleaned with isopropyl alcohol (IPA). The
substrate was then dried by blowing air over the surface, making sure no residue of
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IPA was left on the surface. Although not necessary, a thin layer of gold (few
nanometers) was sputter-coated onto one half of the side of the glass substrate. This
area with the thin film of gold facilitated focusing the FIB on the surface. The sample
was then moved over to the non coated side where the millings took place. Millings
were executed with a beam current of 2.87 nA and a spot size of approximately a 100
nm.

Since milling with Ga+ ions on a plain glass substrate charged the surface with
positive ions, charging became an issue. The problem was solved by an electron flood
gun. The flood gun neutralized the positive ions with electrons and prepared the
surface for stable imaging; however settings were altered on the neutralizer electron

gun to maximize image stability which varied from location to location very slightly.
It also helped to change the imaging mode to ion-collection mode (reverse detector

polarity to ions instead of electrons). With the Micrion system it was determined that a
neutralizing beam current of 25 µA and beam energy of -90-100 eV, gave the most
favorable results. It was also necessary to focus and deflect the beam to concentrate
the electrons towards the substrate beam area. Once the flood gun stabilized the

imaging, the same milling patterns as performed on the Formvar® millings were
executed. Figure 5.9a demonstrates the grid pattern without a flood gun usage, which
clearly demonstrates drift. Figure 5.9b shows the results of milling with the flood gun
on. The total milling time was approximately 10 minutes for one complete pattern.
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b

a

Figure 5.9: Optical micrograph of the milled grid on bulk glass a) without an electron flood
gun charge neutralizer, b) with an electron flood gun in use.

Charging effects can clearly be seen in Figure 5.9a [taken by an Olympus BH2 series
microscope at a total magnification of 50Ox (Infinity corrected Neo S series 50x with
0.8 NA and 1Ox eyepiece)]. The milling stabilized when the low energy electron beam
was incident upon the dielectric surface. Further analysis was performed by imaging

the milled structure using an AFM (Nanoscope III). The depth profile of the milling
was determined using the non-contact tapping mode AFM cantilever tips (SPI

Supplies, # ACL-10) and a scan rate of 0.3 Hz. High momentum Ga+ ions impinged
on the substrate surface and milled the glass substrate to a depth of 168 nm for the
letter A as shown in Figure 5.10 a, b and 6 nm for the vertical line. This is the same

"A" alphabet letter which is shown in Figure 5.9b. Since the plotting line in Figure
5.10b is on a negative Z-axis, one can easily conclude that the surface was actually
milled and was not either deformed or deposited.
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Figure 5.10 AFM topographic image of the milled bulk glass, a) image of the letter "A" in the grid
milling, b) the cross-section of the milling depth.

5.2. Stencil Method

Direct Metal Coating approach
Photolithography is one of the traditional methods used in the creation of

nanopatterns. In this lithography method, usually, a quartz mask is needed which often
is quite expensive. Avoiding those expensive masks, here in this method,
commercially available TEM grid is used as a mask for direct metal coating and show
that this method could be applicable in the photolithography approach also. Extending
the usage of FIB a step further, from section 5.1., FIB is used to initially mill the
patterns onto the formvar coating of the TEM grid. This grid is then used as a mask for
direct metal coating of the structures onto the substrate. Highlight of this method is
that this is a complete non wet-chemical approach. Added to this, we can produce 10s
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of 100s of patterns all at the same time - parallel process, rather than a sequential
process like Electron Beam Lithography (EBL). This makes the process very fast and
a very economical method (TEM grid coated with formvar and carbon support films
costs just only about one dollar and 25 cents present currency; Product # 01800, Ted
Pella Inc.,) compared to the quartz mask worth of thousands of dollars. In addition,
one could cut down the process and wait times after ordering from a photomask
patterning company.
Similar to a quartz photomask, the patterned TEM grid can also be used
multiple times. But the downside is the number of usages. So far, a maximum of four
to five times turned out to be successful. Metal coating thickness and better ways of
handling the grid control the life of the grid mask.

Experimental
Figure 5.1 1 describes the steps implemented in this experiment. In this process:
• Masks are created by FIB milling Formvar coated TEM grids
• Thermal or Electron-Beam (?-Beam) Coating
•

Mask is removed from the substrate
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Formvar coated TEM Grid
Hole Diameter = 100 nm
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0 0 0 0
0 0 0 0

Thermal/E-beam coating
Modified TEM Grid

? ? ?, ?

Si substrate

3Tte

Hole Spacing > 1 µp?

After coating

Figure 5.11: Steps involved in pattern creation using formvar coated TEM grid as a mask.

TEM grids coated with formvar and carbon were purchased from Ted Pella Ine
(Product # 01802-F). The total thickness of the coatings is about 40-60 nm. This grid
was carefully loaded into the FIB. Turning on the ion beams with an extraction current

of 2.2 µ? and bringing the beam to a tight focus onto the surface of the TEM grid is
the initial step that needs to be performed with caution. Increasing a little more than

the dose and dwell values from the previous section14'47 will result in punching
through the formvar film of the TEM grid. Optimal values for dose and dwell are 0.25
nC/µ?? and 0.5 µ8, respectively. The process was aborted after an elapsed time of 45
seconds for a 5 µ?? side length of a square. This time could change, increase or
decrease, depending on the increase or decrease in the size of the pattern. This is
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something which is still yet to be concluded. Patterned TEM grid is now used as a
mask and a silver film of 10 nm thickness is coated onto a silicon substrate using a
thermal evaporator.
Results and Discussion

Figure 5.12 shows scanning electron micrographs of ion milled formvar
patterns. Each square has a side length of ~5 µp?. Each hole inside the square has a
diameter of approximately 125 nm and the pitch is also about the same distance.

Figure 5.12: FIB millings in a section on formvar coated TEM grid.

Figure 5.13 shows the results of the silicon substrate after coating with the TEM grid
as mask. Each of the squares can be easily identified, but not the dots. Careful
observation into the figure reveals out a line of dots clearly spaced very well onto the
side of every square. Possible reasons for this could be occurring during the method of
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metal evaporation. While using the thermal evaporator, the metal to be coated is
placed in a tantalum boat (Ted Pella inc. Product No. 84) to which the power is
applied and the metal is evaporated through indirect heating. This boat has two points
of emission (0.5 ? 0.375 inches) at each ends of the source heater unit and that could
probably lead to a chance of having a spread out source of metal.

B

Wl

?

M

Figure 5.13: Thermal evaporation of silver on a silicon substrate with the FIB milled
TEM grid as a mask.

Similar effects can be noticed in Figure 5.14b as well. Since triangles are the
interesting shape of nanoparticle for us, this approach could be a faster and more
efficient way of creating substrates for SERS. These sets of triangles are milled with
decreasing gap sizes between the triangles.
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a)

b)

Figure 5.14: a) FIB milled triangular structures on formvar coated TEM grid, b) Thermal evaporation of
Silver with Figure 5.14a TEM grid as a mask.

A few more trials in milling the patterns resulted in a further decreasing the size of
triangle pairs with varying gaps between them, as shown in Figure 5.15. The metal
coating in this set of experiment is carried out in a thermal evaporator with a spiral
holder carrying the metal. The resultant image is clear concerning the offset of the
coating. Improvements are underway for this method.
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20 um

Figure 5.15: a) FIB milled pattern on formvar coated TEM grids, b) Thermal evaporated silver patterns
created with Figure 5.15a as a mask
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5.3. Ion-Beam Lithography
Ion Beam Lithography (IBL) is one of the popular lithographic methods for
metal deposition in a controlled manner. Extremely fine patterns can be created using

this highly specialized technique. This method consists of high-energy Ga+ ions (50
KV) hitting the surface in a defined pattern. The surface is initially coated with a
positive photoresist which gets exposed to these ions in the defined pattern. The dose
and dwell time play a big role in making the pattern just right. Too much exposure of
1S

the polymer to the ion beam might result in cross linking of polymer to the substrate .
In a controlled exposure of resist, the polymer will be modified by the high-energy
gallium ions. This exposed resist can then be washed away in a developer solution,
typically IPA: MIBK (1:1, for fine resolution). The resultant polymer is coated with a
metal and then the rest of the polymer was lifted-off in a strong solvent (Acetone,
Dichloromethane). For better results, a further cleaning was continued in the solvent
under sonication for 10 minutes at room temperature. Traces of left-out polymer can
be taken care with oxygen plasma etching for about a few minutes. Figure 5.16
illustrates the steps involved in this process.

Experimental
Polymethylmethacrylate (PMMA) is one of the popularly known positive
photoresists for lithography methods. A 2 % by-weight solution of a very high
molecular weight PMMA was synthesized in Chlorobenzene. The solution was kept
under stirring for at least 12 hours to achieve a complete dissolution of the polymer in
the solvent. This polymer solution is the spun coated onto a clean silicon wafer
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(approximately 1cm ? 1cm) at 2000 rpm for 60 seconds. Samples are then prebaked in

an oven at 250 0C for 90 minutes. An average film thickness of 125 nm ± 5 nm was
achieved.

IMi

imi
Au coat
Lt-of

FIB Mill Patterns

Spin coat PMMA
Si substrate

\
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X

IPA Sonicate for

cleaning

Figure 5.16: Steps involved in Ion-Beam Lithography.

FIB milling settings are very critical to achieving good results from the above
process. One has to have a good focus of the ion beam with the very best resolution

down to the specified best 5 nm imaging onto the polymer surface for the generation
of the pattern of dots. An optimum extraction current of 2.2 µ? is sufficient to

perform milling into the surface47 and to maintain a good lifetime of the Ga+ emitter
tip. Initially a grid locator is patterned for an easy identification of the millings when
moving to the other analytical systems (SEM, AFM). Drawing a square on the
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graphical user interface brings up the window for setting the appropriate location, size,
dose, dwell time, and spacing in the X and Y directions of the square. Setting the dose
at 0.2 nC/µp? and dwell time at 1 µß, cylindrical structures of sizes 125 to 135 nm
were attained. Spacing in the X and Y directions defines the number of dots in a given
area. For example, for a square of side length 10 µp?, spacing of 1 µ?? will produce 10
dots in each row and 10 of such rows. Thus it is simple to control the spacing between
the dots. Exposure time of 45 seconds is maintained to achieve a good result. This
time can be controlled by simply aborting the process in the middle. Care should be
taken in not exposing the polymer for longer times because of the reason discussed
above.

In aiming for smaller size dots in the region of 30 nm or less, one could use the
Dual-Beam Focused Ion Beam System (FEI DB-237). Location, size, dose, and dwell
time can be easily specified in the interface software. Spacing between the dots can be
controlled by varying the overlap percentage. Changing this from a default value of 50
% to -999 %, a spacing of nearly 500 nm is achieved as shown in Figure 5.17.
After the FIB milling, the samples are developed in a 1:1 mixture of Iso-propyl
alcohol (DPA) and Methyl-isobutyl ketone (MIBK) for 45 seconds. The samples are
removed out of the solution and dried by blowing nitrogen gas. These samples are then
sputter coated with gold for a thickness of about 30nm. The samples are then placed in
dichloromethane (CH2CI2) for 10 minutes and the lift-off process is performed by
sonicating the samples in the solvent (CH2CI2) under room temperature for 1 to 2
minutes. The samples are removed from the solvent and washed by spraying IPA to
68

remove any further traces of the polymer coating. They are also further treated with
oxygen plasma to clean off the remaining polymer, if any.
Results and Discussion

Figure 5.17 shows the AFM topography of the millings performed following the
method described in section 7.3.1. It is 10 µp? ? 10 µp? square with nearly 125 nm size
dots separated (pitch) by 500 nm. The average height of the dots is nearly 17 nm. This
scan was performed on a Digital instruments Nanoscope III system, with a scan area
of 7 µp?, and a scan rate of IHz.

Figure 5.17: AFM Topographic image of Au nanodots created using Ion-Beam Lithography.
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Nanoparticles of sizes of 10' s of nanometers tend to be more active seeds than the

larger ones13. To satisfy this criterion, millings were performed using the DB-237 FIB.
Figure 5.18 illustrates the results from the millings. AFM topographic image in Figure
5.19 shows the PMMA surface after milling using a DB-237 and before lift-off. Figure
5.20 shows the AFM data of the sample after metal coating and lift-off. An average
size of 35 nm to 40 nm is achieved using this method. Height of each dot is just a little
more than a nanometer.
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Figure 5.18: DB-237 FIB milling on PMMA
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Figure 5.19: AFM topographie image of the DB-237 FIB assisted IonBeam Lithography on PMMA

Figure 5.20: Section Analysis of sample shown in Figure 5.19, after lift-off.
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More trials are in progress to improve this height and increase the spacing between the
dots. Increasing the space between the particles will reduce the chances of having any
inter-particle effects.

5.4. Ion-Beam Interaction with Silicon

One of the main purposes of FIB microscope is to mill into materials in a
controlled way, typically used by the semiconductor industry for the modification of
circuits at micro and nanoscales. It also is playing a major role in research and
development areas of technology. One such role is brought out as an application by

creating a locator grid to re-identify the region-of-interest14. Most of the times, it is
understood that the heavy gallium ionbeams mill the surface. Contrary to that, here I
show that when these high-energy ions impinge on the surface, they actually make the
surface rise up at the point of interaction. Figure 5.21 represents an overview of this
concept.

a

b)

?
?

e)

Figure 5.21: a) Typical patterns on silicon after FIB milling, b) silicon island pattern
creation after the interaction of low-energy gallium ions from FIB. c) 3-D
representation of Figure 5.21b.
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Using FIB (Micrion 2500) at an acceleration voltage of 50 kV the extraction

current was set to an ideal value of 2.2 µ?13. The ion current at the faraday detector
was nearly 220 pA as measured by Keithley picoammeter. Patterns were then made
on the substrates by making a single scan with a medium scan rate and with a field of
view of 100 microns. Adjusting the field of view will give controllability over the
spacing of the nano-islands on the substrate. Also, varying the scan rate also makes a
difference on the height and the diameter of the nano-islands. Figure 5.22 shows the
formation of islands on silicon with 10 A oxide thickness. Such formation was also

observed on Formvar coated TEM grid and on a polymer coated silicon substrate as
well. Since plain silicon was of more interest compared to the rest of the two, in-depth
studies were continued on silicon surfaces.

a

Figure 5.22: a) Silicon dioxide surface after exposure to gallium ion beams, b) 3-D representation
of Figure 5.22a.
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The nano-islands formed on the surface as shown in Figure 5.22a are the
modifications made by the gallium ions of the FIB. They are nearly 90 nm in diameter
and are nearly 1 nm in height. These structures are equally spaced and are very
symmetrical. The height, diameter and the spacing between the structures can be
controllably varied by changing the settings in the FIB. Using a Dual-Beam FIB (FEI

- DB 237) the effect of such change in settings is studied. This also proves that the
concept here is not system specific - rather it depends on the ion-beam interaction
with the material. Figure 5.23 shows the screen shot of the single scan settings from

the graphical user interface, based on which further studies were conducted. Initially,
studies on low-current (10 ?A) exposure were performed for all the single scan
timings and then high-current (100 pA) exposure was experimented. Within the
different current values, low, medium and high resolution scans are performed with

increasing teXp. As the scan resolution varies, the spacing between the individual
islands varies depending on the resolution. This is ultimately defined by the type of the
scan generator (DB 237 - FEFs Digital Scan Pattern Board - DSPB) installed in the
system.
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1.584

6.337

0.897

3.587

14.35

1.782

7.129

28.51

3.564

14.26

57.03

7.213

28.85

115.4

10.86

43.45

173.8

Figure 5.23: Single scan rates for low, medium and high resolution acquisition in the DB-FIB237.

Low-current aperture (10 ?A)
Figures 5.24 and 7.25 shows the surface features of the silicon substrate based

on the exposure time, texp. The exposure time is varied as listed in Figure 5.23. Very
low texp like 0.396 and 0.897 seconds did not bring any identifiable changes for
analysis using AFM. As an approximation, very small values were considered for the

excel plot. As texp increase, the height and the diameter of the individual exposed spot
increases in the low resolution scans. This is shown in the Figure 5.26.
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Figure: 5.24: a) Low resolution single scan for 7.213second of 10 pA aperture, b) section
analysis of Figure 5.24a. Each island is 1 .23 nm high and 205 nm in diameter.

Figure: 5.25: a) Low resolution single scan for 10.86 seconds of 10 pA aperture, b) section analysis of
Figure 5.25a. Each island is 1.46 nm high and 215 nm in diameter.
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FIGURE 5.26: Plot showing the increase in the island height with the increase in the
scan time. Red squares indicate assumed values.

Medium Resolution on low-current (10 pA): Referring to Figure 5.23, medium
resolution single scans were performed on the silicon surface. At least twice the size of
the scan area was maintained while moving from one scan to the next scan. Similar to
the case of the Low resolution scans, medium resolution scans also showed

considerable changes on the surface which were analyzed using AFM. Lowest scan
time in this mode, 1.584 seconds did not make a visible change on the surface to
analyze. So, no height changes were noticed for this case. Scan times of 28.85 and
43.45 seconds of exposure times were analyzed and shown in Figures 5.27 and 5.28,

respectively. Same like in the low-res, faster scans showed small increase in heights
while slower scans showed an increase in height up to more than a nanometer. One
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major obvious change is the increase in the density of the islands within the interaction
area. Some of them seem to appear a little elliptical which could be addressed to the

stigmation errors while experimenting. Ultimately, the spacing and the density of the
islands could be defined based on the type of the scan generator used in the system.
An overall view of increase in height for the medium resolution single scans is shown
in Figure 5.29.
a)
b)

Figure 5.27: a) Medium resolution single scan for 28.85 seconds of 10 pA aperture, b) section
analysis of Figure 5.27a. Each island is 1.09 nm high and 147 nm in diameter.
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Figure: 5.28: a) Medium resolution single scan for 43.45 seconds of 10 pA aperture, b) section
analysis of Figure 5.28a. Each island is 1 .05 nm high and 137 nm in diameter.

tí 0.6

1.584
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14.26

28.85

43.45

Exposure Time (s)
Figure 5.29: Plot indicating the increase in heights of the islands for a single scan in
the medium resolution for a 10 pA aperture for different scan times. Red square
indicates assumed value.
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High Resolution 10 ?A: Similar to the low-resolution and medium resolution
processes, high-resolution single scans were performed on silicon substrate according
to the time scans available as shown in Figure 5.23. The heights of the surface features
increased with the increase in time as shown in Figure 5.31. The density of these
features increased further because of the high resolution. Thus beyond 57.03 seconds
scan, the individual islands joined thus forming a much larger exposed area on the
silicon surface. Only a part of this larger island (120 µp?) is imaged (Figure 5.30) since
its size is much larger than the AFM scan range. The increase in height is still
pronounced, but relatively much lower than the low resolution scans. Further studies
could likely lead to the more known behavior of the ion-beam milling into the silicon
surface.

a)

b)

Figure: 5.30: a) High resolution single scan for 173.8 seconds of 10 pA aperture, b) section analysis of
Figure 5.30a. Each island is 0.5 nm high and 88 nm in width.
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FIGURE 5.31: Plot indicating the increase in height with the increase in scan times.
Red dots indicate assumed values.

One of the applications that was found on these modified islands is a novel,
simple and unique way of deposition of silver nanotriangles in a pattern. Gold and
silver nanoparticles of various shapes can be silanized using aminopropyltriethoxy

silane(APTES)48. These particles will then have a huge affinity to the surfaces with OH bonds (hydrophilic). Creation of these bonds on the substrate surfaces can be
achieved either by piranha cleaning or by oxygen plasma treatment. Synthesis of silver
nanoparticles is described in the rapid synthesis method in Chapter 6. Particles thus
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created are stable in holding their shape at least for 2 months. 5 µ? of 2.2 mM water
based N-(2-aminoethyl)-3-amino-propyl-trimethoxysilane (AEAPTMS) solution was
added to 2 ml of as synthesized nanoparticle solution. Presence of silane drives the
particles towards the surface of the silicon substrate, without which the transfer does
not occur.

Experiment

Small pieces (1cm ? 1cm) of silicon wafers with nearly 1 nm of native oxide

layer were sonicated in G?? for 30 minutes. These substrates were then dried by
blowing nitrogen for a few seconds. The FIB modified substrates were once again
cleaned with IPA sonication for 30 minutes. This experimental step is to take extra
care of the sample and can be skipped under clean-room conditions. The cleaned
samples are then exposed to oxygen plasma in a plasma etcher for 30 minutes.

Deposition processes are then carried out immediately after the plasma process. AFM
cantilever (MikroMasch CSC 17) is dipped in this solution for 1 minute and then dried

with air. DPN is achieved in contact mode on a Digital Instruments Nanoscope III
system under ambient conditions of room temperature (25 C) and humidity (% RH: 28

- 33). Integral and proportional gains are set to a nominal value49 of 2 and 3
respectively. The scan size was set to 10 microns, scan angle at 90 degrees and the
scan rate of 3 Hz. Imaging of the 10 microns square area was achieved under tapping
mode using the same AFM system. The cantilevers used for this image acquisition
have an end diameter of nearly 10 nm (MikroMasch NSC 17- no Al). The values for
the IG and PG were changed accordingly to reduce the noise signal.
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Figure 5.32: Process flow for the deposition of silanized metal nanoparticles on silicon surface in a
controlled manner.

Figure 5.32 shows the process flow in synthesizing the self-aligned
nanoparticles. Various experiments were performed by avoiding each of the stages in
order to identify its importance in the complete experimental scheme. There could be
variations in the cleaning procedures of the samples. Best results occurred when the
substrates are sonicated in 2-propanol for 30 minutes before and after the FIB
processing. Experiments performed with skipping stage 1(SS - 1) and SS - 3 has no
effect on the creation of the nanostructures on the surface. Experiments executed with
SS - 2 obviously had no source of creation of the modified silicon surfaces. Therefore,
stage 2 proved to be crucial. In the case of SS - 4, there was no self-alignment of
nanoparticles on to the defined locations on the substrate as shown in Figure 5.33.
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There seemed to be no point with SS - 5. Thus, stages 2 and 4 are the most important
in achieving the complete result. No apparent change was noticed in the height of the
FIB created nanostructures after oxygen plasma treatment.
i

Figure 5.33. : SEM image of the FIB modified locations

with silanized silver nanotriangles. Clearly, the
nanoparticles (bright gray particles) are not confined to

the FIB modified islands (dull gray areas). This proves
that oxygen plasma treatment is necessary for the
localization of the particles on the islands.

Figure 5.34a shows the tapping mode AFM image of the surface after contact mode
DPN. DPN deposition was done at a scan rate of 3 Hz. Force plots indicated that the
force experienced by the tip is not more than 1 ± 1 nN. The triangular shaped
nanoparticles were designated preferentially only on the nanostructure islands created
during the FEB processing. Figure 5.34b shows the magnified view of one of the
deposited locations. This process can also be implemented by simple spin coating of
the silanized nanoparticles on the surface after stage 4 in Figure 5.32. Initial results are
shown in Figure 5.35.
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a)

Figure: 5.34 a) Topographic image of the FIB modified location after deposition of the silanized silver
nanoparticles. Extreme left most area is the area with out nanoparticles, 25 ? 11 matrix of silver
nanoparticles deposited on the FIB modified area. Right half of the image is the area with nanoparticle
deposition without the FIB modification on silicon. It is to be noted that the deposition of the
nanoparticles was performed in a single scan from top to bottom. Confinement of the particles to the
islands was brought by using the attractive forces from the islands. Image was acquired under Tapping
mode at a scan rate of 0.2 Hz with 512 lines/scan on a Nanoscope III AFM. b)High magnification scan
of the nanoparticle deposited area. Both the scans are not on the same sample surface.

Figure 5.35: Controllable positioning of metal nanoparticles on FIB
modified locations using simple spin coating on silicon substrate.
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In an attempt to understand the importance of these modified island locations,
we propose a new type of attractive and repulsive forces existent between the "ink"
coated AFM tip and the modified substrate. Scheme below illustrates the probable
forces. The tip experiences the attractive forces only on the islands. As the tip scans
from left to right on the surface (in Figure 5.36b), it experiences minimal attractive
forces (area inside the green rectangle) on the non-modified area, heavy attractive
forces (areas inside the red rectangle) on the ion-modified islands and no attractive to
high repulsive forces between the islands (areas inside the blue rectangle). The plot in
Figure 5.36a gives an overall estimate of the possible forces on the surface. The green
part of the curve indicates the minimal forces from the silicon surface because of the
hydroxyl groups from the oxygen plasma. Blue curves indicates the repulsive forces
that the tip experiences between the islands and red indicates the high attraction
experienced by the AFM probe on the surface. As of now, this is a hypothesis and
further research has to be carried out. Color coded version of these forces is shown in

Figure 5.36b.
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Figure 5.36.a.) Force plot indicating the forces experienced by the AFM tip while scanning on the
fresh and modified silicon surfaces. +F indicates the attractive forces while -F indicates the

repulsive forces. Green part of the curve is minimal attraction from the hydroxyl groups on the
surface, blue is a representation of the repulsive forces between the islands and Red curve is the high
attractive force from the islands, b.) Green rectangle indicates the silicon area with minimal

attractive forces on which the nanoparticles are deposited randomly while blue color indicates high
repulsive forces where the nanoparticles could not be deposited even at low scan rates and red
rectangle represents areas of high attraction locations where nanoparticles are deposited on the
islands that were created by FIB in an orderly manner.

Although the height of these islands was consistently increasing in repeated
trials, they did not seem triangular in some results. So, it seemed quite challenging in
terms of reproducibility. But, the fact that the increase in height only in defined
locations modified by the ion-beams is very interesting and is aimed to explore further
in the future.
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6. Dip-Pen Nanolithography
6.1. Introduction

Dip-Pen Nanolithography (DPN) is one of the recent popular lithographic
technologies which use the principles of scanning probe microscopy. In DPN, the
atomic force microscopy (AFM) probe is used as a "pen" to create patterns on suitable

surfaces like gold, silicon, glass and more10'11'17. The "ink" is the flow of molecules
that get transferred from the end of the AFM probe onto the substrate. In most of the
cases, environmental conditions of the experimental setup play an equally important
role. The rate of the deposition or the transfer of the molecules on the surface can be
controlled by varying the percentage relative humidity (% RH).

\\ r
Figure 6. 1 : Schematic of an AFM probe delivering thiol molecular chains via a

water meniscus onto a gold coated substrate50.
The ink that flows from the AFM tip could be attached to the surface either

physically or chemically, depending on both the type of the material being deposited
and the type of the substrate. Figure 6.1 shows the schematic of the DPN process.
Here the thiol molecules are being transferred to the gold coated surface in the
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presence of a water meniscus. This experiment can be carried out in a range of % RH
levels from very low to very high levels, including the normal room environment.
With a fixed surface interaction period, one can easily control the deposition spot size
by varying the humidity levels, assuming the tip end radius is very sharp (less than 10
nm). Since the invention of the DPN method, a range of variants within this method

have been invented11. Thermal DPN (tDPN) in which the tip is heated to a certain
temperature to allow the flow of the molecules towards the substrate is one such new

sub-method. In this process, no deposition occurs when the tip is cold and thus the

same tip can be used for imaging of the sample as well11. Electro-pen nanolithography,
another sub-method can also be used for nanoscale depositions, in which a bias
voltage is applied between the AFM tip and the substrate thus forcing the molecules to
drop along the path of the AFM tip. This procedure normally requires a relatively high
humidity level. One of the recent developments using this method is a large scale
technology where surface modification is performed using thousands of tips at the
same instant . In this work, the normal DPN technique in which molecules transfer
using the water meniscus was implemented.

6.2. Deposition of Thiol and Silane molecules
Initial experiments of DPN were carried out using ocatadecanethiol (ODT) as
ink. Silicon substrates used in all these experiments have a native oxide thickness of
nearly 1 nm. These substrates are then diced to about 1 cm ? 1 cm in size. To clean the

substrates, they were sonicated in isopropyl alcohol (IPA) for 30 minutes and were
89

dried using dry nitrogen. They are then coated with a 30 nm thick gold coating using a
sputter coater (Plasma Sciences Inc. CrC-100). Thickness of the coating is verified
using the thickness monitor (Inficon-XTC). These substrates are now ready for the

DPN process. A concentrated solution of ODT is prepared in ethanol. AFM tips
purchased from MicroMasch Inc., (CSC- 17) were soaked in the ODT solution for 1
minute and were dried using nitrogen. The average tip radius of the AFM probe is less
than 10 nm with a cone angle of 40°, aspect ratio of more than 3:1. Total tip height is
about 22 + 2 microns and the long cantilever (460 µ??) of these AFM probes enables
them to be used in contact mode scanning. The forces applied on the cantilever

typically are in the range of 0.1 N/m. This helps the tip to have a good contact with the
substrate while scanning and / or deposition.
The AFM scanning system used in this project is a Digital Instruments (Veeco
Inc.) Nanoscope III model equipped with a multimode scan head. This multimode
system allows the user to switch between the various modes of scanning - tapping
mode (TM), contact mode (CM) and the scanning tunneling mode (STM). In creating

patterns using ODT on gold surfaces, the scan rate, integral gain and the proportional
gain play a very critical role. Faster scan rates, greater than 5 Hz, does not allow the
transfer of molecules to the surface thereby giving the capability of using the same

AFM probe to image the pattern after DPN. Thus, deposition is usually carried out in
CM at an average scan rate of 1 Hz. Although research performed with TM DPN has

also been carried out by other groups51. The current work is completely executed in
the CM DPN processes. Decreasing the scan rates (or inverse contact time) further
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should lead to a broader spot size; in other words, more deposition52. The gold coated
substrate was held firmly using a double sticky tape onto a magnetic stub sample
holder. This assembly is then loaded on top of the scan head. Figure 6.2a shows the
scan settings for the DPN process in CM.
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Figure 6.2 Screen shot of the graphical user interface (GUI) showing the DPN
settings with the Nanoscope III™ AFM (Veeco).
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Varying the scan size, aspect ratio, scan rate, scan angle and the offsets will
provide the user with a control over the pattern. With the current settings, a pattern in
the shape of the alphabet "X" was generated under normal room temperature and
humidity conditions (% RH = 27; +/- 5). The humidity conditions were measured by
using a hygrometer. To achieve this pattern, the few of the scan settings were changed
compared to Figure 6.2. With the scan size set to 4 µp?, aspect ratio 8:1, and scan
angle to 45 degrees, one scan from top to bottom was performed. The scan angle was
then changed to 135 degrees, without disengaging the tip. Thus the tip scans along the
surface and leaves the molecules along the scanned area. After the deposition scans
are done, the scan settings were immediately changed to - Scan Size: 6 µp?, Aspect
Ratio: 1:1, Scan Angle: 90 degrees and Scan Rate: 3 Hz, without disengaging the tip.
It is very important to change the scan angle. The reason is discussed below.
Depending on the daily atmospheric and weather conditions, the % RH within the

room might vary. This variation has very minimal effect on the experiments conducted
and the results acquired were consistent. Figure 6.3 shows the resultant "X" pattern of
thiol molecules on the gold surface.
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Figure 6.3: a) Amplitude mode AFM image of ODT deposited as a X pattern on gold coated silicon
substrate. Dark color indicates the low friction area compared to the bright color, b) 2 ? 2 matrix
ODT squares, each of nearly 250 nm. Color coding is same as in Figure 6.3a.

The pattern shown in Figure 6.3 is only a monolayer of thiol molecules on the
gold surface. This makes the area much harder to image under the tapping mode.
Therefore the images are acquired using force mode imaging. Within the CM mode,
by changing the channel type (Figure 6.2) to friction, and the scan angle to 90 degrees,
a force mode image of the sample can be easily achieved. In brief, force mode image
shows contrast between the different materials present under the scan area. The major

difference in the method of signal collection between the topographical and the
friction types imaging is that the photodetector monitors for changes in the signal
along its vertical axis in the height mode and the changes in the horizontal axis result
in the force mode image. This change is caused by the tip when experiencing various
surfaces of different viscosity - for example like the difference in the polymer surface
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versus a gold surface . Importance should be given in setting the scan angle to 90
degrees for the tip to experience better contrast in the surface viscosities.

Care should be taken with interpreting the contrast shadings in the force mode
image. In Figure 6.3, the dark shade represents high viscous area (ODT molecules)
when compared to the plain gold area. The scan direction (Figure 6.2) decides the low
viscous area to be dark or bright and varies the color table accordingly. It does not
matter whether the scan direction is the Trace or the Retrace; either of the cases

produces the contrast between the ODT pattern and the gold surface.

Deposition of Silane

In an attempt to extend the work of Coskun et. al.48 aminopropyltriethoxysilane
(APTES) was used as ink instead of ODT. APTES purchased from Gelest Inc. (SIA
0591, Molecular mass - 226.36 g/mol) was diluted in distilled water to a 2.2 mM
concentration (10 µ? of silane in 20 ml of water). The AFM probe is then immersed in
0.5 ml of this solution for 1 minute and was dried with nitrogen. The initial silicon
substrates were prepared as discussed in the ODT deposition method. After sonication,
they were oxygen plasma etched in a barrel etcher (SPI Plasma Prep ?) for 30
minutes. The presence of the near-blue shaded plasma (Figure 6.4a) indicates the
balanced presence of oxygen in the etcher.

94

Figure 6.4 a) Contact angle of the water drop is nearly 30° on a clean silicon surface with oxide
layer of nearly 1 nm. b) contact angle of the same substrate after oxygen plasma decreased to
nearly 15°.

Oxygen plasma of silicon substrates makes the surface contact angle to
decrease as shown in Figure 6.4b. Contact angle measurement was done on Rame-hart

Goniometer model 250. The angle varied from 45° + 5 before plasma to 5° ± 5 after
oxygen plasma. This clearly indicates that the surface is now hydrophilic and also

contains the O-H bonds on the surface50. The presence of the O-H bonds is very
critical for the silane molecules to attach onto the substrate. These silane molecules

now act as binding agents between the nanoparticles and the substrate. As an initial
test the silane molecules are deposited onto the hydrophilic silicon surface in a "X"
pattern.

The pattern in Figure 6.5a is a force mode image acquired using the same AFM
system as mentioned in the previous paragraphs. Deposition of the molecules was at a
scan rate of 1 Hz and the acquisition was at 3 Hz. The image clearly shows the
controllability in placing the silane molecules on the silicon substrate. A 3 ? 3 matrix
pattern of silane molecules is shown in Figure 6.5b. Each rectangle is about 250 nm in
side length and about 100 nm in width. Since the deposition is only a monolayer of
molecules, the height acquisition of the image did not show any height features. Only
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contrast could be acquired in the friction mode. Attaching the metal nanoparticles to
these locations now is the next challenge and is described in the following sections.

b)

a

Figure 6.5: a) X pattern of APTES molecules on hydrophilic silicon dioxide surface. The bright areas
are the silane molecules and the rest of the dark area is the oxide surface, b) 3 ? 3 matrix pattern of
APTES molecules. Each location is about 250 nm in width and 100 nm in width. The offset in the first

column could be because of the Piezo / motor shifts while moving from one location to the other.

6.3. Deposition of Nanoparticles

Shape transformation of the spherical metal nanoparticles was also achieved by

mild annealing of nanoparticles in the presence of carbon53. Experimentally,
decanethiol functionalized silver nanoparticles in hexane were purchased from SigmaAldrich (Product No.: 673633). They have a mean radius of about 10 to 15 nm in size.

A drop (about 10 µ?) of these nanoparticles was pipetted onto a TEM grid (Ted Pella
Product No.: 01802-F). The TEM grid contains a 10 to 15 nm thick carbon coating on

top of a 30 nm thick formvar supporting film. It is very important to have the carbon
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coating, without which the particles will not transform their shape. These particles

were then baked under atmospheric pressure at 50 0C in a barrel oven over a period of
7 days. Over this period of time, the particles gradually lose their thiol chains due to
the heating procedure. With no thiol chains present, the spherical nanoparticles are
now very unstable. To attain the stability, they try to move to their neighbors in
forming a stable shape, triangular.
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Figure 6.6: Gold nanoparticles functionalized with thiols on a carbon coated TEM grid, a) 0
hours, b) 12 hours, e) 24 hours after heating, d - f) after 36 hours of heating showing the
formation of complete triangle as well as seed nanoparticles. g) and h) after 7 days of
heating.
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Figure 6.7: Scheme illustrating the mechanism of formation of
triangles with the desorption of thiol chains (reproduced from
reference 54)
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Gradual changes in the shape morphology of the nanoparticles can be noticed
in Figure 6.6a. - Figure 6.6h. The particles are spherical before the heating process
and are of dimensions around 15 nm. Mechanism in the formation of the triangular
nanostructures is shown in Figure 6.7. Annealing of the nanocrystals creates the
desorption of the thiol chains thus leading to the coalescence of the neighboring
nanocrystals. This is completely a heat-driven process. The lattice structure of carbon

drives the nanocrystals move close to each other and in forming the stable triangular
shape. Large triangular nanocrystals can also be achieved in the presence of HOPG as
well. Figure 6.6g shows the triangular shaped nanoparticles after heating for 7 days.
In order to advance the nanotriangle formation method on the carbon coated

surface, experiments were carried out for a controllable deposition of the particles
using DPN. In addition to the obvious sample handling issues, one of the major issues
in this approach is the softness of the film on the TEM grid. Humidity of the
surrounding environment also played a major role while depositing the nanoparticles
on these substrates. The % RH was varied from 10 to 65 (+/- 5), with 25 being the
average normal room humidity. The transfer of the particles required a minimum of 45
% RH. The contact time between the AFM tip and the surface was 1 second. In

addition to the existence of the particles as shown in Figure 6.8., a streak in a path of
the tip reaching the substrate surface can be noticed in the images. This path could be
addressed because of the softness of the formvar film and thereby introducing a "sag"
at the tip-surface interaction location. The nanoparticles were deposited all along the
surface also. This turned out to be an uncontrollable factor while using these
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Substrates. Figures 6.9a and 6.9b show the images of the nanoparticles after heating
the nanoparticles for 7 days and 13 days, respectively. The particles deposited using
DPN did not transform their shape even after extended heating.
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Figure 6.8: TEM images of DPN deposited nanoparticles. a) spreading of the silver
nanoparticles after deposition on a formvar and carbon coated TEM grid, b) lowmagnification image of a similar area.
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Figure 6.9 a) TEM images of the silver nanoparticles after 7 and b) 13 days of heating.

Deposition of the nanoparticles over an area of 13 ? 13 µp? is shown in the
Figure 6.10. The same area is imaged after heating for 7 days which clearly shows no
change in the shape of the nanoparticle. The no change in the shape could be because
of the initial uncontrollable dispersion of the nanoparticles while deposition using
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DPN. For a better understanding, DPN was performed on carbon coated silicon
substrates. These substrates showed a little ease in handling the samples and in
avoiding the streaks.
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Figure 6. 10: TEM images of the 1 3 µ?? square DPN on the formvar and carbon coated TEM grid

Experiments were further carried out on the carbon coated silicon substrates.
Initially, the silicon surfaces were cleaned by sonication for 30 minutes. Carbon was
then thermally evaporated onto these substrates. The thickness of the carbon coating
was measured to be 15 nm. Control experiment of placing a drop of the as purchased

silver nanoparticles was placed on these substrates. The nanoparticles changed from
spherical to triangular over a period of time (7 days), similar to the TEM grid
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experiment, as shown in Figure 6.11. This transformation of particle shape change on
a silicon substrate was never reported. Hence further experiments of placing them
controllably in defined locations using DPN were performed. Figure 6.11 shows the
deposition pattern of the nanoparticles on these substrates.

A noticeable amount of the particle spread can be seen in the SEM images of

Figure 6.11d - f. The tip-to-substrate interaction time was 1 second and the rest of the
environmental conditions are at normal room temperature and humidity. Since the

particles are dispersed in hexane, the deposition of these nanoparticles was at best
confined to 2 microns. Reducing the interaction time did not provide any fruitful
results. Alternately, experiments were also conducted by directly dipping the silane

deposited (using DPN) nanostructures in the nanoparticle solution. Thus the
nanoparticles should be adhering to the silanized locations. But, that did not occur
because of the possibility of silane being polymerized during the transfer process from
the AFM tip. Since the transfer occurs only in the presence of a water meniscus which
could lead to the change in the silane characteristics in binding to the nanoparticles .
Thus, the approach for deposition of nanoparticles or creation of nanostructures on a
solid substrate had to go by a different approach.
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Figure 6.11: a) and b) are SEM images of Silver nanoparticles after 7 days of slow
annealing at 50 0C. c) FIB patterned locator grids with DPN patterning, d) 3 ? 3 matrix
of silver nanoparticles using DPN. One of the deposition locations overlapped on its
previous location creating a much denser spot of seed nanoparticles. e) and f) Highmagnification image of the same area. The spread of the nanoparticles can be easily
understood.

103

7. Electron-Beam Lithography

7.1 Introduction

Electron-Beam Lithography (EBL) is one of the popular lithographic
techniques typically used to create or modify patterns on the nano-scale regime. Due
to the diffraction limitation of optical lithography (UV-lithography), EBL is used in
the semiconductor industry, micro- and nano-electro mechanical system (MEMS,
NEMS) designs, and in research studies as well. In optical lithography, a positive
photoresist is exposed to ultra-violet (UV) radiation through a patterned mask.
Depending upon the type of photoresist (positive or negative), the UV exposed area
will either be dissolved or left behind. If the resist is left behind on the substrate after

developing in a developer solution then the photoresist is positive. Thus a pattern is
created on the surface with difference in heights and is a replica of the pattern from the
mask. On the other-hand if the resist is negative, then the un-exposed area will be
dissolved in the developer solution thus leaving the exposed area as a pattern on the
surface. Conceptually, EBL can also be understood on the same lines. In this case,

instead of UV radiation, electron beams does the modification to the exposed resist.
No mask is used in EBL - instead, the electron beam scanning is controlled by an
external program. Depending upon the pattern created in this external program, the
photoresist is exposed to the e-beam in a controlled manner. This exposed resist is
then developed in the developer solution. Normally, if a positive resist is used, the
exposed area dissolves in the developer solution and if a negative is used, the
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unexposed gets dissolved. Thus a pattern is generated using EBL. There are a
numerous factors to be taken into consideration before attempting these experiments.

Factors such as the type of resist to be used to achieve the required pattern, the
thickness of the resist coating, the required e-beam dose, substrate type, the developer
solution, material to be deposited after developing and the lift off procedures are just a
part of the complete list. Here in this chapter I will be discussing the factors that
played the major role in achieving the final pattern. Moving a step further than EBL, a
positive resist will intentionally be over-exposed leading to a cross-linked pattern.
More details about the experimental conditions and results are discussed in the later
sections. One change to be noticed is that the dose in all the experiments is defined
based on the acceleration voltage and the resist exposed time.
:::::
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Figure 7.1: Schematic illustrating the main steps involved in Electron-Beam Lithography (EBL)
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Steps involved in a typical EBL process as shown in Figure 7.1:
Spin coating of the positive / negative resist onto a clean substrate (silicon,
silicon dioxide, Indium Tin Oxide (ITO) coated glass slip or pre-processed
substrate)

Expose the resist to the electron beam in a patterned way as defined by the
pattern generator in the graphical user interface of the electron microscope.
(Prebaking before this e-beam exposure is usually recommended)
The resist is developed using a developer solution, 1:3 ratio of methylisobutyl ketone (MIBK) : 2-propanol (isopropyl alcohol, IPA), for a minute
-

Washed with 2-propanol and dried with nitrogen.
Metal deposition using either sputter or thermal or e-beam evaporation
Lift-off the polymer resist film in a strong solvent like dichloromethane
Sonication or plasma cleaning for removal of any residues of the resist.

7.2 Experimental
In a typical experiment, 20 mg of poly-methyl methacrylate (PMMA, very
high molecular weight) is added to 1 ml of chlorobenzene and stirred overnight. Small
pieces of silicon (1 cm ? 1 cm) with an oxide thickness of nearly 160 nm are sonicated
for 30 minutes and blown dry using nitrogen. A uniform smooth film of PMMA is
formed on these clean substrates by spincoating at 2000 rpm for 60 seconds. The
average film thickness measured using a Gaertner Scientific LSE Stokes Ellipsometer
indicates roughly 80 nm. In a typical EBL process, prebaking of samples is
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recommended to remove any solvent effects that were left out from spin-coating1 . In
the case of this experiment, prebaking did not seem to have any effect.
Electron-Beam Lithography was performed using the electron gun of a DualBeam Focused Ion Beam system (FEI, Strata DB-237) in our PSU microscopy user

facility. The acceleration voltage of the electron gun was set at 5 kV and spot size as 3.
AlOxIO matrix of the triangles, each of 200 nm in side length were made using the

available graphical user interface (GUI) of the system. After achieving a good focus at
5 mm sample working distance and correction for stigmation, the electron beam
scanning was turned off. Moving to a different location which was not previously
exposed to the electron beam is very important. The next step is to have the surface is
exposed to the electron beam as defined by the patterns. The exposure time is a very
critical parameter. Depending on the overall size of the exposed area within the
patterns, the exposure time keeps varying. One more very important parameter in this
process is the serial or the parallel exposure of the patterns. In the present case, the
total exposed time for triangles in parallel patterning method is 2 seconds. This keeps
varying depending on the total patterned area. A more detailed discussion is carried
out in the following section. The substrate was then placed in a strong solvent like
dichloromethane (CH2CI2) for 9 minutes and then sonicated for 1 minute. A metal

layer is then deposited using a thermal evaporator at a base pressure of 1x10" Torr.
A very similar experiment was also carried out on a cover-glass slip for the
transmission experiments. The cover-glass slip was initially cleaned by sonicating in
IPA for 1 minute and then dried under a jet of nitrogen flow. For conductivity
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purposes, the substrate was coated with a 75 nm thick (resistance about 20 kohms)
layer of ITO using sputter coater (CrC 100, Plasma Sciences Inc.). PMMA solution of
the same concentration as in the SiO2 case was spun on this substrate at 2000 rpm for
60 seconds. There could be unwanted layers of irregular polymer underneath the
substrate. These do not hinder the experiment and can be take care during the lift-off
process. The thickness of the PMMA coating was measured to be nearly 80 nm. A
small scratch on the substrate will reveal the ITO coating to which a conductive path

can be set, thereby avoiding the sample charging issues during EBL. The patterns were
exposed for 1 second in the parallel patterning method. The substrate was then soaked
in CH2Cl2 for 9 minutes and then sonicated for 1 minute. A thin silver film of 10 nm
thickness was then coated on this substrate using a thermal evaporator.

In a control experiment, gold nanoparticles were deposited in the e-beam
exposed locations thereby making patterns with gold nanoparticles . The acceleration
voltage and the rest of the settings of the e-beam was as detailed in the previous
paragraph. In addition, the magnification is fixed at 3.5 kx. Similar to the single scans
in Ion-Beam Lithography (Chapter 7), a single scan was done in the low-resolution
mode for 10.86 seconds. This exposed PMMA was developed in a 1:3 ratio of
MIBK:IPA solution for 1 minute. These substrates were then soaked in a silane

solution for 10 minutes. Here, amino-propyltriethoxy silane (APTES) purchased from
Gelest Inc., was diluted to 2.2 mM concentration in de-ionized (DI) water. These

substrates were then washed with DI water and dried with nitrogen. Freshly prepared
gold nanoparticle (synthesis explained in chapter 6) solution was then placed on the
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patterned area of the substrate for 10 minutes. Sample was then rinsed with DI water
and dried with nitrogen. By placing the sample in hot acetone for 5 minutes, the
unexposed polymer release off from the silicon surface. Proper safety measures and
care should be taken with hot acetone during this lift-off process.
7.3 Results and Discussion:

Figure 7.2 shows the PMMA surface after being e-beam exposed and
developed in the developer solution. Such patterns can be easily developed over at
least 100 microns in a single scan. The depth of the hole is about 80 nm which is the
thickness of the polymer film. Width of each hole is nearly about 125 nm. While
executing the single scans using the e-beam, it is important to set the magnification at
3.5 kx. Increasing the magnification will increase the chances of crosslinking the
polymer to the substrate but on the other hand, going low on the magnification might
not produce the patterns. At this particular magnification, the total exposed dose is
properly divided to each of the pixels. The control in exposing the polymer only in
certain areas is achieved because of the type of the video card on the system. The size
of the exposed area is defined by the low, medium of the high resolution scans. More
discussion about this given in the IBL chapter can be directly applied to this scenario
as well.
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a

b)

Figure: 7.2: a) Tapping mode AFM Topography of the PMMA surface after being developed, b)
Section analysis of Figure 7.2a. Depth of the hole is 80 nm and the width of the hole is about 125 nm.
Image is acquired using Digital Instruments Nanoscope III.

Thus silane molecules find their way through these holes to the oxide layer of the
silicon. The natural oxide layer on the silicon helps in binding on to one end of the
silane chain. The other open end of these silane chains join to the citrate reduced gold

nanoparticles. The negatively charged citrate ions around the gold nanoparticles will
readily bind to the positively charged NH2 end groups of APTES . The silane
particles will be confined only to certain areas because of the unexposed PMMA layer
acting as a mask. Hence when this unexposed polymer layer is peeled off in the strong

solvent, a good contrast between the nanoparticle islands and the plain silicon area can
be accomplished. Figure 7.3 shows the formation of such islands on the surface after
lift-off.
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Figure 7.3: Tapping mode AFM image after nanoparticle deposition. All the bright and pink areas are
the nanoparticle islands. The dark blue color area is the silicon area. Nanoparticles are electro-statically
attached to the silane molecules which are covalently bound to the silicon surface.

Attempts were made in using triangular nanoparticles instead of spherical gold
nanoparticles did not turn successful. Possible reasoning could be addressed to the
method in which the triangular nanoparticles were synthesized. The polymer involved
in the process of synthesizing these triangular nanoparticles made the outer surface of
the nanoparticles non-reactive with no surface charges. Thus the particles will not be
able to attach to the silane binding agent. In addition, experiments were also
performed by changing the silane as well. But at the same time, the experimental
conditions involved in changing to a new silane were not favorable. So, an alternate
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route was employed in crosslinking the resist to the silicon surface. This is shown in
Figure 7.4.
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Figure 7.4: Scheme showing the changes involved when compared to the normal EBL process. In this
case, the PMMA is overexposed making it to crosslink to the substrate in the defined shape. The silane
molecules attach to the crosslinked polymer as well as to the exposed silicon substrate. Thus the
nanoparticles also attach onto these defined locations

To create these crosslinked nanostructures, PMMA is intentionally overexposed than
normal. Here studies were performed for a 10 ? 10 matrix of triangular nanostructures,

each triangle of 500 nm in side length. Experiments were conducted in exposing the
triangles in a parallel manner. Choosing to expose in a parallel manner divides the
total exposed time equally between all the 100 triangles. Thus very similar results are
produced for a parallel exposure time of 100 triangles for 10 seconds and a serial
exposure of 0.1 seconds for each triangle. Figure 7.5a shows the nanostructures
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produced using this method of over-exposing in a parallel pattern while 9.5b in a serial
pattern.

a

b)

c)

Figure 7.5: Triangular nanostructures showing the crosslinked polymer because of the over-exposure
caused from the electron-beam, a) Patterns produced from parallel exposure for 10 seconds for 100
triangles, b) Triangles produced from the serial exposure of the patterns with each pattern exposed for
0.1 seconds, c) Cross section of Figure 7.5b. Red arrow heads indicating the height as 56 nm.

In a normal EBL process, the exposed polymer breaks down into lower molecular
weight caused by chain scission. Thus the exposed polymer is now sensitive to certain
solutions like MIBK. This is not the case with the unexposed PMMA. This leads to

the selective dissolution of the lower molecular weight polymer in the developer
solution. Typically, MIBK is used in combination with G?? for the resolution
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purposes. High resolution patterns need higher concentrations of MIBK. Contrary to
the EBL process, longer exposure of the polymer film changes the PMMA by
increasing the chain length and increase in molecular weight. Hence this polymer
crosslinks to the silicon substrate thereby acting like a negative photoresist (or to ODT
coated PET or ODT coated cover glass slip). The high dose electron beam removes the
side chains of the exposed PMMA making it more like a carbonaceous-PMMA. This
makes the crosslinked PMMA chains insoluble in the developer solutions as well as

the lift-off solutions. Although it is resistant to most solvents, crosslinked PMMA is

removable using oxygen plasma54. However, the electron and solid interactions extend
beyond the crosslinking of polymer leading to backscattered electrons and also
secondary electrons which could add up to be considered as exposure of the polymer.
Thus there is a well formation around the crosslinked PMMA triangle. Increasing the
dose further would make the radius of the well to increase leading to the complete

exposure of all the rest of the polymer. Thus in the case of a 200 nm triangle as shown
in Figure 7.7, the PMMA between the triangles receives an optimal electron dose and
gets dissolved in the developer solution.

Since the overall area of a 200 nm triangle is less than the area of a 500 nm

triangle, the required exposure time is relatively less. In the case of 500 nm triangles,
the time required to form the crosslinked triangle shown in Figure 7.5 is 10 seconds, in
a parallel manner. The total exposure time for the 200 nm triangle is studied as shown
in Figure 7.6. The time study for all the patterns in Figure 7.6 was done in a parallel
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exposure mode. In Figure 7.6a, the exposure time, 0.2 seconds was within the required
range for a triangle pattern to form as like in the EBL process. In addition, the
scattered electrons exposed a circular area around each of the triangular locations
leading the final result to show up like circular exposures. Similar is the case with
Figure 7.6b where the exposure time was increased to 0.5 seconds. Here the circular
exposed area increases and intersects with the circular areas from the adjacent
locations further leading to the complete removal in the developer solution. Small dots
in each of the intended triangular locations indicate the beginning of cross-linking
polymer. That small dot could be of the order of the actual beam radius. Increasing the
time further to 1 sec, the circular areas completely disappear, as shown in Figure 7.6c,
because of the proper amount of dose received from the total scattered electrons. Thus
even though the areas around the triangles are not directly exposed, they get dissolved
in the developer solution from this indirect exposure. At the same time, 1 second of
electron beam exposure for a 10 ? 10 matrix of 200 nm size triangles seems to form
good crosslinking of PMMA to the substrate in the defined shape and pattern. Close
look at this exposure time also indicates small dots between the triangles. These dots
are the left-overs of the unexposed PMMA that is insoluble in PMMA. These are
completely the contrary to the small dots in Figure 7.6b. For a further increase in the
exposure time as shown in Figure 7.6d, the triangle formations still remains intact.
Here there are no more "residual spots". This gives a little range in time for the
formation of cross-linked triangles. For 5 seconds exposure, the triangular islands
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spread out a little more leading to the deformation. This indicates the saturation level
of the e-beam interaction with the polymer.
a)

b)|

Figure 7.6: Time study for the formation of a cross-linked 200 nm (side length) triangle on silicon

substrate. Exposure time, txp for a) to g) are 0.2, 0.5, 1, 2, 5, 15 and 30 seconds respectively.
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Figures 7.6e, 7.6f and 7.6g indicate the increase in spread and ultimately forming a
circular crosslinked patch. Figure 7.6g show the inherent triangle shapes embedded
inside each such circular cross-linked patch.
a)

b)

c)

d)

Figure 7.7: Gold nanoparticles on and around the triangular nanostructures. Bright areas in a) and b)
indicate the crosslinked polymer which is nearly 35 nm above the silicon substrate which is dark in
color. Circular areas of spherical nanoparticles can also be seen around the triangular nanostructure. b)
3-dimensional view of the surface, c) Amplitude mode image of the surface scanned simultaneously
with the topography mode, d) magnified view of Figure 9.7c. Here the nanoparticles can be clearly seen
on top of the triangular nanostructure.
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One of the applications that we designed in using these nanostructures is to
position nanoparticles on top of these structures for field enhancement studies. After
the e-beam exposure in making the patterns shown in Figures 7.5a and 7.5b, APTES
solution was used as binding agent for the nanoparticles on these substrates. Figure
7.7a is a topographic image of the substrate after the deposition of silane and
nanoparticle solutions. Lift-off is also done in this case. The brighter area indicates the
crosslinked polymer along with nanoparticles above these triangular areas isolated
from the substrate circular area. Figure 7.7b shows a 3-dimensional view of the same
sample with a wider view. Figure 7.7c is the amplitude image of the same area
acquired simultaneously with the topographic image shown in Figure 7.7a. The
amplitude image gives a better contrast of the nanoparticles above the triangular
structure. The rough surface is because of the nanoparticles on top of the
nanostructure. Reviewing back to Figure 7.5, the cross-section clearly indicates the
smooth area on top of the nanostructure. Thus this is an indirect way to conclude that
the silane binds to the cross-linked polymer thereby allowing the nanoparticles to be
positioned on top of the structure. Figure 7.7d is the magnified image showing the
clear presence of the nanoparticles on the triangular nanostructure. Creation of such
nanostructures with nanoparticles on top is the advancement of science in this
research. Applications based on these are discussed in the other sections. In addition,
to the metal nanoparticles on top of these nanostructures, controllable deposition of
metal was also experimented. Similar to the requirement of the size and shape for the

field enhancements24, there is also an optimal thickness of metal coating that provides
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the maximum plasmon resonance. This optimum thickness of metal coating is
wavelength dependent. Figures 7.8(a-c) show 3-dimensional plots for the reflectance
versus thickness versus angle for three wavelengths (532 nm, 633 nm and 830 nm)
that are required for the maximum plasmon resonance, in the case of gold. Typical
setup required to generate these resonances at critical angles (6C) is shown in Figure
7.8d.

Metal coating

(Ag, Au, Cu)
toEfe,-«.,»

Laser incident

Reflection

Figure 7.8: Reflectance vs. angle vs. thickness plots for gold for a) 532 nm b) 633 nm and c) 830

nm sources of excitation. The lowest point in reflection indicates high plasmon resonance for the
respective angle and thickness, d) Surface plasmon resonance setup.
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Advancing further with this type of lithography, these triangular islands were
further isolated with "nano-walls" thus leading to the formation of "nano-wells" as
shown in Figure 7.9a the time exposure required for the formation of these nanowalls
is different from the triangular nanostructures because of the difference in the total
area for each such wall versus an individual triangle. These nanowalls are much longer
thereby requiring an exposure time of 30 sees for a total of 22 such walls. In the case
of 500 nm triangle, the spacing between the triangles is about 700 nm. So, a
rectangular block of 200 nm wide and 17 microns long (to cover 10 triangles) is
crosslinked to the substrate. For the 200 nm triangles, since the spacing is less and
hence the dimensions of the nanowalls, the total exposure time was coincidentally the
same 2 seconds i.e., 2 seconds for a 10 ? 10 matrix of 200 nm triangles exposed in a
parallel manner and 2 seconds for all the nano-walls exposed in a parallel manner, a
separate execution from the triangle program. In other words, initially, the triangular
or the nano-walls program was executed and without moving the stage the other
program was executed. Resultant topography imaged using an AFM is shown in
Figures 7.9c and 7.9d. Future studies can lead to an integrated method of executing
both at the same time. Another simple trial to show the control over the pattern
formation, alternate triangular nanostructures surrounded by nanowalls were
patterned. In this trial, 500 nm triangles were aimed for the formation with a variation
in the exposure time. The time was reduced to 2 seconds. Surprisingly, triangular
nanostructures comparable to the size of 200 nm structures formed, and with an
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improved sharpness (Figure 7.9b). These are the types of nanostructures which will
further be experimented to show the enhancements.

a)

b)

c)

d)

Figure 7.9: Triangular cross-linked polymer nanostructures with polymer nanowalls on silicon
substrate, a) 500 nm triangles pattern, b) 500 nm triangles with 2 seconds exposure time, c) 200 nm
triangle patterns with 2 seconds exposure, d) 3-D view of the Figure 7.8c.
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8. Instrumentation

8.1 Introduction

Development of instrumentation for Raman microscopy started with the

Fourier Transform Raman (FT-Raman) in 19861 and progressed at a faster pace with
the improvements in detectors (CCDs), diode laser sources, monochromators with
holographic optics as well as the rest of the optical sections of the Raman microscope.
Modes of sampling in Raman microscopes can be classified into three categories Conventional sampling (90 degrees or 180 degrees illumination mode), Remote
Sampling using fiber optics, and Raman Microspectrometry.
a)

Spectrograph

Laser
rejection
filter
rejection filt«
Sample

b)

.Laser

Spectrograph

|¿ rejection filter
Sample

CC^amera

I^
CCD Camera

I Laser Source

Laser Source

Figure 8.1: Sample excitation methods in Raman Microscopy, a) 90° sampling geometry, b) 180°
sampling method.

Conventional sampling schemes are illustrated Figure 8.1 with the 90 degrees
(a) and 180 degrees (b) geometries. In general, most of the analysis is performed using
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the 1 80 degrees systems in which the excitation light and the scattered light from the
sample are coaxial. Few advantages of this method is the convenience in sampling,
non-invasive approaches, accuracy and reproducible sampling schemes.

Highlights of this Raman/two-photon Fluorescence System
• Monochromatic sources of light: He-Ne Laser 10 mW, 633 nm CW; Diode
Laser 200 mW, 830 nm CW; Nd:YAG Laser 200 mW, 532 nm CW

• Beam splitters and mirrors to direct light onto the sample
• Microscope to observe the scattered light
• Optical filters to cancel the excitation light
• Computer controlled digital triple grating Spectrograph
• Princeton Instruments CCD to collect the Fluorescence - Raman scattered light
• Hamamatsu Photo Multiplier Tube (PMT)
• Piezo open-loop controlled XY scan stage

8.2. Laser Section

This system is equipped with some of the commonly used continuous wave
(CW) lasers sources of excitation - 532 nm, 632.8 nm and 830 nm. Output powers for
each of the lasers can be controlled with a neutral density filter with a cut-off power
ranging from 10 % to 80 %.
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Green laser: Output from this laser source is 532.8 nm. The beam is collimateci and the
power is nearly 200 mW. With two steering mirrors in the laser box, the beam can be
positioned in a controlled manner.
Red laser: This laser emits out a wavelength of 632.8 nm at an intensity of 5- 7 mW. A
band pass filter at the exit point of the laser blocks the plasmonic band frequencies and
allows only the 633 nm wavelength. This source is also equipped with two steering
mirrors to control the beam.

NIR laser: Emission wave length is in the Near-IR wavelengths - 830 nm. Primarily
used as a source of excitation in multi-photon imaging processes. Connections
between the laser diode, driver circuit and power supply is shown in Figure 8.2.
Sipex Corporation Laser Diode

A Laser
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Figure 8.2: Laser Diode connections to the Power Supply and Driver Circuit
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The output of this laser is normally elliptical in shape and needs to be corrected

by using an anamorphic prism pair (Figure 8.3) or a telescopic lens setup. Light from
the diode output is collimated and is directed onto the prism pair (Thor Labs, PS875B) by using a group of lenses as shown below. The angle and the distance between
the prisms and the position of the lenses from the laser output is the most critical in
making the beam circular and collimated. Similar to the other wavelength sources, this
NIR laser also has mirrors to steer the output onto the sample through the objective.
Most of the UV and visible excitable fluorophores can be excited using this laser in

the 2-photon mode5'7.

^
Figure 8.3: Anamorphic Prism Pair setup.

All the laser sources are aligned perfectly onto a set of lenses with variable distance
between them. This pair of lenses provides the necessary back filling of the objective
apertures inside the microscope. Under-filling the back aperture of the objective will
result in uneven illumination of the sample and over-filling will result in lose of

intensity of the excitation source55.
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Figure 8.4: a) Caligari TrueSpace® rendered image of lasers' setup, b) Actual Laser setup.

Figure 8.4a and b gives the complete picture of the laser section. Beams from
the output of the laser box are directed onto a polarizer. This polarizer can be rotated
along its axis, thereby forcing the beam to be polarized at the respective angle.
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8.3. Microscope Section
The previously polarized beam is guided up along the height of the

microscope using a mirror placed at a 45° angle to the direction of the beam. One more
mirror placed at 45° on the rear wall of the microscope directs the beam onto the
dichroic filter set designed specially for this microscope. The rendered image (Caligari
TrueSpace®) of this filter set is shown in Figure 8.5. Selection of the filters in the
filter set can be easily accomplished by a variable slider with access from outside the
microscope. The characteristics of the filters loaded in the filter set are shown in the
appendix.

Figure 8.5: Dichroic Filter Set designed in True Space, a)
Dichroic filter for 532 nm laser source, b) Dichroic filter for
633 nm laser source, c) dichroic multi-photon filter d) Dichroic
for 830 nm laser source, e) optional filter holder.

Filters a and b of Figure 8.5 are used for the Raman signal collection and filter
c is used for 2 photon imaging. Choosing the filters for a Raman system is the most
critical step when assembling a Raman microscope. These filters cut off most of the
excitation lines when collecting the scattered light from the sample. Dichroic filters,
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when positioned at 45°, reflects the excitation laser lines and transmits the lines greater
than the initial wavelengths. After hitting the filters the beam then travels down into

the back aperture of the objective. A diffraction limited bright spot of the laser is
focused onto the sample by the objective (for that objective NA). Figure 8.6 shows the
emission of 633 nm laser from a 4OX objective (NA = 0.75). The sample used under

the excitation is J-aggregates. A separate section in further pages discuss about Jaggregates.

Figure 8.6: 633 nm laser focused onto J-Aggregates with a 4OX objective

The scattered light from the sample is again collected by the same objective
and is directed onto the filters. Since the scattered light is not the same as the

excitation wavelengths, the dichroic filters will pass the light through and is collected
onto a near 45° angled mirror. This mirror is attached onto a variable slider which can
be controlled from outside the microscope. This control allows the user to be able to

look at the sample while illuminating with laser. Care should be taken to reduce the
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laser power before proceeding with the above step. Setting this mirror in position
directs the collected signal onto another mirror placed at 45° which would then place
the beam onto a lens which has a matching focal length for the entrance slit of the
monochromator. Beam path inside the microscope is shown in Figure 8.7.
CCD Camera

Monochromator

Sliding Mirror
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Mirror
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Dichroic Filter
Set

Mirror
100X 1.4NA Oil

Obiective

Pl Scan Stage

Mirror

Figure 8.7: Cross-section of the microscope showing the laser beam path and the optics.

Before reaching the entrance of the monochromator, the scattered light is once
again filtered. This filter set (Figure 8.8) contains filters with very sharp cut-off and
with very high attenuations of at least 5 optical densities (O. D.) (Filter characteristics
in appendix). These help in removing more than 99.99% of the excitation
wavelengths. The choice of these filters also a play a big role in collecting the Raman
or the two-photon signal.
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Figure 8.8: Excitation wavelength cut-off filters - neutral density (N. D.), twophoton (2-P), green filter (532), infrared (830), ultraviolet (400), red filter (633).

The stage section on this microscope is completely redesigned for a better

usage. The stage consists of a knob to control the z-distance between the sample and
objective. This helps in making the initial setup by bringing the sample to the focus.
Samples are loaded onto a computer controlled open-loop scan stage (Physik
Instruments P-731). This stage (Figure 8.6) has a nominal movement of 100 microns ?

100 microns with a precision of movement down to a few nanometers. During the
initial setup process, the samples can be viewed under normal Light Emitting Diode
(LED) illumination thereby giving much safety to the eyes than the high powered
lasers. Two separate LEDs illuminate either on the transmission mode or on the
reflection mode. Figure 8.9 shows the Koehler method of illumination in transmission
mode.
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Figure 8.9: Köehler illumination method
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Köehler illumination is an alignment technique to properly shine light onto a
sample. A sub-stage condenser equipped with variable aperture iris diaphragm is
capable of being focused by moving up and down. This method provides a bright,
glare-free and evenly dispersed illumination over the sample. The lower section in this
setup comprises of a collector lens, a 45° mirror and a variable field diaphragm. The

aperture iris and the field diaphragm iris control the angular aperture of the cone of
light coming towards the sample and the area of illumination respectively. The second
LED placed inside the microscope aids to shine light on samples in the reflection
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mode. Light from the LED is directed by the dichroic filters into the objective lenses
and onto the sample.

8.4. Detection and Imaging.
The monochromator (EG & G SpectraPro Monochromator Model 1235) along
with a high speed TEC cooled CCD (Princeton Instruments - RTE 1 133-K/2) camera
and a PMT detector (Hamamatsu R955) are the main parts in the detection and
imaging section. With the recent developments in these two areas, analysis of Raman
signals has turned out to be a little easy; but still challenging. With more than 99 % of
the excitation signal filtered out, the resultant scattered signal is focused into the
monochromator with the required cone angle . In order to achieve a maximum
efficiency of the monochromator, the input light should be matching the aperture ratio
of the monochromator. Aperture ratio, also called as f-number (f/#) is a ratio of the
focal length of the collecting lens to the diameter of the beam at the lens. F/3.8 is the
aperture ratio of the system in use. Figure 8.10 illustrates the beam path inside the
monochromator.
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Figure 8.10: Light propagation inside the monochromator

The image thus collected into the monochromator gets reflected by a mirror
fixed at 45°. The beam then gets reflected again after hitting the concave mirror 1.
This reflected beam is dispersed by the dispersive grating installed in the
monochromator. This dispersed beam is further reflected off by concave mirror 2,

which is further reflected by a 45° mirror and then to the exit slit. With the zeroeth
order position (grating at 0 nm position), the monochromator as a whole should
normally be acting as a simple mirror. In other words, the image at the output slit
should exactly be the same as the input image. Depending on the input wavelength of
the monochromator provided by the external program, the image should be varying.
For a fluorophore fluorescing at 675 nm when excited by a 632.8 nm source, it is
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normal to expect an image at the exit slit of the monochromator when it is at the zero
order and also at the 675 nm center wavelength. Monochromator installed on this

system is a Model 1235 Digital Triple Grating Spectrograph (Acton Research
SpectrPro-275i). It has 0.275 meter focal length and has two standard size gratings (68
mm ? 68 mm) installed in it - 150 grooves/mm and 1200 grooves/mm; both blazed at

500 nm. The quality of a grating is defined by the number of grooves per millimeter
(g/mm). The higher g/mm gives a larger dispersion of the input wavelengths and a
finer resolution of the image. Calibration procedure for the monochromator is usually

performed by using a mercury lamp. With the lamp turned ON, the monochromator set
to the spectroscopy mode, data is acquired. Offset values are then adjusted and saved
for proper analysis of the data.
The invention of Charge Coupled Detectors (CCDs) furthered the research of

Raman Spectroscopy and eased the fast imaging methods. Photoactive regions emit
electrons when incoming photons hit the surface. These electrons produced at discrete

sites, called pixels, get transferred within the silicon upon application of external
charge. At the output this charge is converted to voltage. After being collected in the
potential wells, the electrons are transferred as a parallel array. Using the combination
of vertical shift register and serial shift registers; the arrays produce the respective

charge intensities thereby giving a raster scan effect in the detector57. This is shown in
Figure 8.11. Here, in this setup a Princeton Instruments CCD camera is used to image
the sample both in the spectroscopy and in the imaging modes.
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Figure 8. 1 1 : a) Schematic of the inside of a CCD microchip b) Camera integrated with the
monochromator.

Advantage in this microscope is that the user can easily switch between the
detectors. A second detector in this system is a PMT. The PMT is a transducer that
converts the photons into electrons which are multiplied along the tube length and is
sent out as a voltage signal. Typically, a photocathode, multiple dynodes and an anode
are built in a glass tube with vacuum as inside environment. Photons hitting the

photocathode produce electrons based on the photoelectric effect. Electrons are then
multiplied by hitting dynodes and are focused towards the anode. Each dynode is
placed at a higher positive voltage than the previous one. Thus a cascading effect
occurs with the number of electrons increasing at each of the dynodes. This concept is

shown in Figure 8.12. Usually, a high negative voltage (nearly 1000 V) is provided at
the cathode and the relative positive voltage at the anode. A voltage divider circuit
provides various voltages to the dynodes
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Figure 8.12: a) Conceptual explanation of PMT . b) PMT connected on the monochromator

8.5. Control Flow on the Microscope System
All the three lasers sources are controlled with individual power switches. The

scan stage is controlled by the Piezo Driver module of the scan controller. Input for
the scan controller is provided by a National Instruments (NI) SCB-68 shielded
connector box. Connections inside the SCB-68 are shown in Figure 8.1 1.
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Figure 8.13: National Instruments Connector Board (SCB-68)

Signals to the SCB-68 are provided from the National Instruments' PCI-MIO16XE-10 (also known as PCI-6030E) card. Necessary drivers for this PCI card can be
found at www.ni.com. Using the two analog out signals from this PCI board, the scan
stage moment can be controlled in the X and Y directions. A program written in VB
can be used to send out the signals and can also set the scan rate. Using one of the
digital I/Os of the PCI card, signals from the PMT detector can also be collected into
the VB program. This signal is then converted into an understandable image by the
scan control program. Figure 8.14 shows the cable connections between the
components, controllers and the computer.
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Figure 8.14: Schematic of the connections on the microscope

8.6 Graphical User Interface
All the hardware (controllers, scan stage, detectors) is controlled and data is

acquired using the home-built program in Microsoft Visual Basic 6.0. Figure 8.15 is a
screen shot of the user interface environment. The "Start" and "Stop" obviously play
the intended role. Scan rate, and size are to be entered before initiating the scan. After

clicking on start, depending on the "Start Scan from", line numbers keeps increasing
or decreasing at the scan rate. Varying R, G, B, and W under "Color Settings" will

vary the color shade of the data under analysis. Using this interface and the all the
hardware connected, J-aggregates were analyzed to prove the working condition of the
microscope.
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Figure 8.15: Screen shot of the graphical user interface

8.7 Imaging J-Aggregates
J-aggregates are a good polymer sample used to analyze the 2photon/flurorescent emission. Molecular chains of PIC dye solution (1, l'-diehtyl - 2,
2' - cyanide iodide) fluoresce in the visible at 570 nm with an 830 nm excitation
wavelength. Preparation of these chains is discussed below. Pseudo-isocyanine (PIC)
dye was purchased from Exciton (Molecular Weight: 454.35). A 10 mM solution was
prepared by mixing in methanol. Polyvinyl Sulfate (PVS) ([CH2CH(SO3Na)]H) was
purchased from Sigma-Aldrich (Catalog # 27842-4) and was diluted in water (0.75%
by weight). 4 ml of PVS solution was boiled to 70 0C while stirring and 0.4 ml of PIC

dye solution was added60. The solution immediately turns from a deep red into an
139

orange color solution with a shining metallic green color layer. 20 µ? of this solution
was then spin-coated onto microscope glass slides (approximately, 1" X 1") at 2000
rpm for 1 minute.

BK^ggg

Figure 8.16: Scattering image of J-Aggregates collected using a Photomultiplier tube. Bright areas are
the polymer chains of J-aggregates. Dull area is the coverglass.

Samples are then placed on the scan stage and using the graphical user interface
(programmed in Microsoft® Visual Basic), data was acquired with PMT as the
detector. Figure 8.16 shows the chains of J-aggregates (bright areas). Rest of the area
could be either the polymer or just plain glass.

8.8 Two-Photon imaging of Rhodamine-6G on SERS substrate
Although known as SERS substrate, broadly speaking, the substrate basically
enhances the fields within its local region (a few nanometers around it). Hence such
substrates can also be used for two-photon imaging method. Here, I will be describing

the process in acquiring the two-photon fluorescence image of Rhodamine-6g (R6G)
dye molecules. The microscope used in analyzing these dye molecules is a home-built
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tip-enhanced near-field optical microscope (TENOM). Optical components of the
microscope discussed in Section 8.5 were used in the TENOM. It is equipped with farfield fluorescence scanning capability as well. In short, the source of excitation is a

pulsed mode-locked laser tuned at 830 nm at a pulse width of 50 fs. This is generated
with a 5 W laser source at 532 nm wavelength. Using the combination of optical

components shown in Figure 8.17, the mode-locked pulses are directed towards the
microscope. More discussion about the generation of pulses and optical setup is
carried in reference 62.
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Figure 8.17 Tip-enhanced near-field optical microscope setup.

In the scanning experiment to acquire a multi-photon fluorescence image using
TENOM, the sample was initially prepared with the field enhancing medium on the
substrate. This medium was created using the extended EBL process as discussed in

Chapter 7. 40 µ? of R6G solution (1 nM in methanol) was spin coated for 30 seconds
141

on top of these created nanostructures. This substrate was held tightly with a doublesticky tape on the sample holder which is attached to the scan stage. With a 1.4
numerical aperture and a magnification of 100 X (oil objective), it is normal that the
objective is in very close proximity to the sample substrate (~ 170 µp?). Here, the oil
drop does not modify or destroy the sample, if proper care is taken. With the light
source in mode-locked (pulsed) and tuned to 830 nm, the sample was initially imaged
at a location where there are no surface modifications from the EBL patterning. The

minimum power required to get a fluorescence signal at that point was nearly 460 µW.

Moving the scan stage to the location with the EBL patterns as shown in Figure 7.5,
the patterns were imaged. Multi-photon fluorescence image of the R6G dye molecules
is shown in Figure 8.18. High counts of fluorescence are shown by the bright spots in
the image and low counts are relatively dark. Separation between the patterned areas
can be clearly viewed by the complete dark areas. Locations 1-4 indicate the EBL
modified areas, each of which is nearly 15 microns and that correlates with the actual

EBL patterned area. The power level of the source had to be considerably decreased to
about 146 µWs to acquire the fluorescence image over the EBL modified areas. This
indicates that there is enhancement occurring from the surface modifications.
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a)!

Figure 8.18 a) Two-photon fluorescence image of the R6G dye solution. Bright spots indicate the
fluorescence of the molecules at the modified locations. 1-4 indicate the EBL modified areas confined

within four thin white lines, b) Magnified image indicated by the thick lined white square in Figure
8.18a. Dye fluorescence levels are shown on a relative counts level (color bar).
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A magnified image of one of these locations identified with a thick lined white
box in Figure 8.17a inside location 1 is shown in Figure 8.17b. Each of the bright
spots in this image is less than 500 nm indicating that the fluorescence is coming from
one corner of the triangle. This satisfies the argument using FDTD in Chapter 5 as
well. Although it is not the same corner for all the triangles that are lighting up,
because of unpolarized source of excitation, the confinement of the emission signal
indicates that the enhancement is caused by the substrate modification. There is a

further scope of tuning these enhancement factors by adjusting the polarization of the
incident light.
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9. Conclusion

Typical Raman signal responses from a chemical or a biological sample are
very weak. There exists a need to increase the signal detectability in order for it to be
quickly acquired and make a fast analytical determination. This much needed
amplification can be provided by substrate modifications. Changes in the substrate can
be brought by various methods. Extensive research is presently being done in the
realm of highly localized high field enhancements. Here in this work, I demonstrated
a novel substrate which does provide a high field enhancement. Although it was not

shown through the process of Raman microscopy, rather Multi-photon excitation, the
results have the same meaning. In addition, these enhancements were qualitatively

verified using a computational modeling method such as finite difference time domain
(FDTD) techniques. Various geometrical possibilities have been explored in
attempting to achieve this final goal. Several problems were encountered and new
avenues were identified that can be implemented. Following sections give an overall
view of the issues and the solutions which were come up with.

Shape change of metal nanoparticles using light (laser or fluorescent bulb) has
driven a lot of interest in the scientific community. Importance of the size, shape and
the dielectric medium that the particle is present in was brought into focus by various

groups4'5'20"24. Specifically, gold or silver triangular nanoparticles play a major role in
field enhancements. Experiments were conducted which were based on the existing
research of transforming a round particle shape using a 532 nm laser and/or a 40 W
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fluorescent daylight bulb into these new sharp geometries. The experiments were
successful in the liquid medium, but not on a solid substrate. Possible reasoning could
be from the methodology in which the particles were held to the surface. Also,

experiments were conducted in which the triangular nanoparticles have been created
by shape transformation in liquid and then placed on a substrate in a defined pattern
and / or with orientation. Despite some limited success in this case, there were issues
such as the low degree of positioning.
Having chosen a more intensive approach next by using ion-beam lithography
(IBL), initial circular patterns with diameters of nearly 30 nm on the surface were
successfully created. This indicated that the approach could lead to a better outcome.
Unfortunately, further attempts with this technique in forming triangular patterns were

quite unrepeatable as well. Thus instead of direct modification, we tried for a 2 stage
modification process by introducing the formvar coated TEM grid as a mask. Good
control in size and shape was achieved in milling the formvar coating. But, there were
concerns with the metal coating methods in this approach. Shadow formation while
the metal deposition occurred was clearly noticed and this problem is aimed to be
solved as part of the future work. With the possibility of nanoparticle shape
transformation on a carbon medium with gradual heating, ideas of positioning the seed

nanoparticles on substrates were explored. This brought dip-pen nanolithography

(DPN), a relatively new technology and is growing quickly11 into the scene. Initial
DPN trials of placing thiol and silane molecular chains on surfaces were successful.
Several attempts in this procedure were implemented for positioning the thiol capped
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silver nanoparticles onto a hydrophilic silicon surface as well as onto a carbon coated
TEM grids. They showed up with very interesting results of high spreading on the
receiving surfaces which was controllable only to a few microns in diameter. In
addition, the initial spread of the nanoparticles on the carbon surface seemed to have
some effect in the particle shape modification. Even with the micron size spread, the

nanoparticles did not change shape after heating them for extended periods of time.
Thus, experiments in positioning the silanized triangular nanoparticles using DPN on

hydrophilic silicon surface (presence of O-H bonds was achieved by both piranha
cleaning and by oxygen plasma) were ineffective. Since the process of DPN happens

only through the humid medium11 around the end of the AFM tip, forcing particles to
travel transfer to the surface using this medium, the silane binding to the nanoparticles

was polymerized and hence the nanoparticles did not stick to the surface. Ideas of
integrating both these deposition / surface modification techniques were approached.
Combining DPN and IBL, a hybrid lithography method was implemented. Extensive
studies of ion-interaction with silicon surface proved that it is possible to create
nanoislands of just 1 nanometer in height using IBL. The height controllability was

achieved by varying the ion-interaction time with the surface. Implementing DPN of
triangular nanoparticles on such nanoislands showed considerable success in
positioning nanoparticles in a pattern. There seemed to be very high attractive forces
for these nanoparticles from the ion-beam created silicon nano islands. Not only with
DPN, were such patterns also achieved using simple spin coating techniques. High

rate reproducibility turned out to be a little low. To understand this, more involved
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studies were to be performed which would deviate from the main course of achieving
the nanostructures on the substrate. Hence a more popularly known technique with a
combination of a newly reported approach was attempted.
Electron-Beam Lithography (EBL) is one of the popular and standard
lithography techniques. Recent scientific reports indicated that it is possible to deposit

silane after developing the polymer in the EBL process48. Using this approach, a single
scan of an electron-beam on PMMA produced circular holes of nearly 125 (+/- 5) nm
in diameter. Silane deposited in these areas was bound to the surface because of the
native oxide layers present on the exposed silicon surface. Hence attaching spherical
gold nanoparticles to these areas was successful. Advancing further, these circular
holes were modified to be triangular and electron-beam scan time studies performed
on these patterns produced high resolution cross linked polymer nanostructures of
defined shape and size. One of the recent researches successfully proved the formation

of nano-tips in this approach. Literature search9,54'61 indicated that creation of such
cross-linked prismatic nanostructures for the applications in surface-enhanced Raman
spectroscopy (SERS) has not been reported yet. Advantages with such cross-linked
prismatic nanostructures are mainly targeted at the electromagnetic field enhancement
capabilities and are highlighted below:
Ability in attaching small spherical metal nanoparticles (-10 nm) to the
triangular nanostructure thus making a localized medium for field
enhancements.
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- Isolating these nanostructures from each other by building nano-walls,
leading to the nano-well formation. As of now, potential application for
such nanowalls and nanowells could be addressed to the ability in

confinement of the analyte close to the surroundings of the field
enhancement regions

- Instead of nanoparticles, one can choose to directly coat metal on these
nanostructures. Thus a more direct approach was identified and
implemented in the creation of metal nanostructures which are electrically
isolated in all directions.

- Nanostructures of this form could be potentially used for a new method of
spatially imaging using only wavelength shift and polarization. This would
mean no galvo, stepper, or piezo scan system would be needed to get a xy
image.

Very high Raman signal enhancements were initially reported by Nie et. al. .
Further studies indicated that the triangular nanostructures could provide these
enhancements in a controllable manner. Such shape specific metal nanostructures were

created by various research groups. Nanosphere lithography (NSL) was one of the
earlier works which proved the formation of two triangular nanostructures facing each

other like in a "bow-tie"40'22. In the work from Moerner et. al., direct implementation
of the prismatic structures was performed using EBL. These are some of the first

reports with bow-tie antennas on the surface. An issue with his nanostructures is the
irreproducibility of the shape (a technical issue) thus the enhancement will be different
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from location to location. NSL provided the bow-tie nanoantennnas, but the triangles
were more curved than expected. Their work, along with calculations for field

enhancements from the Schatz group24'27 proved the importance in the size of the
nanostructure based on the wavelength of the source of excitation. Using that
information in combination with the thickness determination for the maximum field

enhancements, calculated from a home-built computer program, we have created
nanostructures on which such ideal substrates could be realized. These nanostructures

in addition are electrically isolated thus enabling to position the biological or chemical

sample at the amplified field. Creation of nanowells which could be addressed added
an extra layer of certainty in pointing the location of high field enhancements. Based
on the calculations from xFDTD, one would prefer to have the metal coating only on

top of the dielectric for best field enhancements. But, in reality, this is hard to control
because of the line-of-sight while depositing metal. Chemically, there might be a
solution to this situation. Comparing the scenarios of having a metal triangle by itself

in free space and a metal triangle above a dielectric, the second case gives nearly 5
times improved intensity enhancement. In a similar way, comparing two triangles
(bow-tie) in free space separated by a small gap (3 nm) and two triangles (bow-tie) on

top of dielectric with no metal coating on the substrate - one could expect an
improvement of 5 times. According to the calculations, the first bow-tie setup gave an

enhancement of 750 (Wm)2 thus implying the second case would lead to 4000 (V/m) .
This is hard to realize because during the crosslinking of the dielectric to the substrate,
the surroundings (about 1 µ?? in diameter) get inevitably exposed. Therefore, when
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attempting to crosslink at a short gap of 3 nm, the second triangle have high chances
of receiving overdose by many times than what is required for cross-linking. This
overdose can lead to a triangle with smooth corners (low enhancements) as discussed
in the EBL chapter. A setup like this needs a lot more to study about electron beam
dose, dielectric thickness, and exposure times which are a few to mention.
In conclusion, this research helped in creating a novel substrate for
electromagnetic field enhancement in the applications of SERS. In addition, new
architecture for positioning the biological and / or chemical samples on these
substrates, close to the amplification medium has been designed and implemented.
Further more, alternate ways of positioning nanoparticles in precise locations have
also been initiated. These alternate methods could lead to a faster method of creating
the substrates as well as in an economical way.
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Appendix A: Transmission plot for 532 nm Dichroic Filter
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Appendix B: Transmission Plot for 532 nm Cut-off Filter
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Appendix C: Transmission plot for 633 nm Cut-off Filter
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Appendix D: Transmission plot for 633 nm clean-up filter
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Appendix E: Transmission plot for multi-photon filter
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